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A C K N O W L E D G M E N T S
T h e  la s t four years has  seen som e as to u n d in g  progress in science; an im a l clon ing , d iscoveries of e x tra  
so lar p la n e ts , p ro d u c tio n  of B ose-E inste in  condensa tes, as well as th e  p ro d u c tio n  o f th e  firs t m o lecu lar 
co m p u te r  (a lb e it it a  B ucky B all abacus), an d  ta n ta liz in g  h in ts  of possib le e x tra  te rre s tr ia l  life in  th e  
shape of a  M a rtia n  m e te o rite  (w hich seem s to  have had  a m ore p ro found  effect on N A SA  fu n d in g  th a n  
life sc iences).
I w ould  first an d  fo rem ost like to  th a n k  all the  s ta ff  a t th e  JC M T  (w ith  p a r tic u la r  reference to  T im  
Jennes an d  J im  P o m eroy ), th e  C P C C  an d  th e  U niversity  o f K en t (especially  A ndy  G ibb ) for su p p ly in g  
and  adv ising  on th e  S ten h o lm  C ode. H elpful advice from  M atthew  Y ates, P h illip e  A ndre , M ark  C asali 
and  P e te r  B ran d  (in  profuse am o u n ts) has also been w elcom ely received. I w ould also  like to  th a n k  m y 
superv iso r D erek W ard -T h o m p so n .
I w ould like to  th a n k  several o th e rs  for conversations; H enry  Buckley, M a tth e w  H o rro b in , Neil F rancis, 
F rederique M otte , D eb o rah  Ruffle an d  A ndrew  H arrison .
M any people have been su p p o rtiv e  over the  p as t 4 years, inc lud ing  m y p a re n ts  an d  s is te r, R oss, M ike, 
P au l an d  Ford (O K  he w asn ’t  rea lly  su p p o rtiv e ). O th er people like Al, R ob an d  Ia in  have rem in d ed  m e 
there  is a  lo t m ore to  life th a n  work. T h an k s  to  all the  o th e r P hD  s tu d e n ts  in  th e  d e p a r tm e n t for p u tt in g  
up  w ith  m e an d  occasionally  ta k in g  m e o u t for a few beers ( th a t  especially  m eans R ich a rd s K nox). F in a lly  
th a n k  you to  an y b o d y  has helped  m e, w hom  I m ay  n o t have m en tioned .
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A B S T R A C T
T h is  thesis  is a s tu d y  of th e  physical con d itio n s typ ical in  regions of th e  In te r  S te lla r  M ed ium  w hich are 
likely to  go on to  fo rm  s ta rs . In recent years considerab le progress has  been  m ad e  in  th e  u n d e rs ta n d in g  
of low m ass s ta r  fo rm a tio n  follow ing various stud ies  o f opaque reg ions in  n ea r by p a r ts  o f th e  G alaxy . 
T h e  reg io n s’ high d ensitie s an d  high opacities m ake th e m  favou rab le  en v iro n m en ts  for s ta r  fo rm a tio n  to  
occur.
U sing the  IR A S Sky Survey A tlas a  nu m b er o f high la titu d e  clouds are se lected , an d  o p tic a l d e p th  m a p s  
of these clouds are co n s tru c te d . T h e  m ost opaque regions in  these clouds are iden tified  an d  ca ta lo g u ed  
as a  se t o f cloud cores. T h e  co lum n density  an d  m ass of each core is ca lcu la ted . T h e  m a jo r ity  o f the  
cores are found  to  be g ra v ita tio n a lly  b o und , an d  a sm all frac tio n  are found  to  have signs o f p ro to s te lla r  
con ten t; th ey  c o n ta in  IR A S p o in t sources w ith in  th e m  w ith  sp e c tra l ch a rac te ris tic s  ty p ica l o f P ro to s ta rs  
or em bedded  Y oung S te lla r  O b jec ts . An analysis o f th e  typ ica l p ro p ertie s  o f th is  set o f cores an d  th e  
typ ica l p ro p ertie s  found  in p rev ious s tud ies  o f m ore opaque an d  m ore dense regions in  th e  In te r  S te lla r 
M edium  reveals th a t  th e  tim esca le  in w hich a cloud core fo rm s a p ro to s ta r  decreases as b o th  th e  o p ac ity  
and  d ensity  of th e  core increases. T h e  resu lts  com pare  well w ith  physical m odels o f s ta r  fo rm a tio n  in 
which the  p res te lla r ev o lu tio n  is reg u la ted  by am b ip o la r  diffusion, an d  th e  s tro n g  influence o f various 
sources of io n iza tio n  on th e  s ta r  fo rm a tio n  tim escale  is discussed.
T h e  very earlies t p ro to s ta rs  typ ica lly  have a m assive in falling  envelope (visib le in su b m illim e tre  con­
tin u u m  an d  m o lecu lar line observa tions), vigorous outflow s, an d  rad io  em ission  due to  shocks. T h e  la t te r  
two processes are th o u g h t to  be pow ered by the  d y n am ica lly  infalling  envelope. C ores w ith o u t any sign 
of p ro to s te lla r  c o n ten t o ften  co n ta in  dense regions s im ila r in m ass, b u t less dense, th a n  th e  p ro to s ta rs ’ 
envelopes. D ense and  m assive enough  to  go on to  form  sta rs , these o b jec ts  are p recu rso rs to  th e  p ro to ­
s ta rs ; p res te lla r  cores. A h igh  reso lu tion  su b m illim etre  s tu d y  of a subse t o f these  cores ca rried  o u t w ith  
the  JC M T  in H aw aii is p resen ted . V arious iso topes of CO  were d e tec ted  to w ard s th e  cores. O ne core in 
p a r tic u la r, L1689B, proved b rig h t enough to  m ap  over a  considerab le  region in b o th  C 1 8 0 ( J = 2 —>T) an d
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C 1 8 0 ( J = 3  —>2). A ll these o bserva tions are presen ted .
In  o rd er to  fu lly  in te rp re t th e  observa tions of L1689B, and  to  co m p are  its  p ro p e rtie s  w ith  th e o re tic a l 
m odels of th e  early  stages o f  s ta r  fo rm a tio n , a p a ram ete rised  rep re se n ta tio n  o f L1689B is m odelled  
w ith  a  ra d ia tiv e  tran sfe r  code in o rder to  p roduce p red ic ted  m ap s w hich can  be co m p ared  w ith  the  
observa tions. I t is found  th a t  s im ple  m odels o f L1689B, assum ing  an  iso th e rm a l gas te m p e ra tu re  and  
co n s ta n t a b u n d a n ce  ca n n o t ad e q u a te ly  accoun t for L 1689B ’s ap p earan ce . E ith e r  a  te m p e ra tu re  d ro p  or 
a d rop  in  C O  ab u n d a n ce  to w ard s  its  cen tre are needed to  exp lain  th e  observa tions. N e ith e r how ever are 
un iquely  im p lied  by th e  C 180  observa tions alone. A reanaly sis  o f a  su b m illim e tre  c o n tin u u m  m a p  of 
L1689B is m ad e , an d  using  these  resu lts th e  degeneracy  is p a r tly  lifted . L1689B a p p e a rs  to  have a  fall in 
CO ab u n d a n ce  tow ards th e  cen tre , and  p erh a p s  a d rop  in te m p e ra tu re , b o th  of w hich cou ld  be causa lly  
linked one to  the  o th e r, or m ore  likely, b o th  of w hich are d ep en d en t on an  ex te rn a l fac to r like th e  lack of 
u ltra  v io le t p e n e tra tio n  tow ards th e  cen tre. E ith e r way it is show n th a t  th e  cen tra l region of L1689B m ay 
be u n su p p o rte d  by p ressu re g rad ien ts , and  suscep tib le  to  rap id  free fall unless th e  ex istence of m a g n e tic  
fields is assum ed . T h is  core seem s to  be being  su p p o rted  by m ag n e tic  fields an d  evolv ing  by a m b ip o la r  
diffusion.
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C hapter 1
In tro d u c t io n
1.1 Star Form ation: M od els  and T heir P red ic tio n s
A com plete  theo ry  o f s ta r  fo rm a tio n  shou ld  be able to  p red ic t th e  h is to ry  an d  ra te  o f s ta r  fo rm a tio n  
needed to  exp la in  th e  n u m b er of s ta rs , and  the  observed d is tr ib u tio n  of s te lla r  m asses in a  ga lax y  (know n 
as th e  In itia l M ass F u n c tio n , or IM F ), as well as th e  observed d is tr ib u tio n  of b in a ry  s ta rs  an d  s ta r  c luste rs . 
I t shou ld  also p red ic t th e  observed  evolu tion  lead ing  to  the  b ir th  of a  m ain  sequence s ta r  w ith  its  various 
stages: diffuse in te rs te lla r  m ed iu m ; m o lecu lar cloud; m o lecu lar clum p; p res te lla r  core; p ro to s ta r; T -T a u ri 
s ta r  and  finally  m a in  sequence s ta r  (all these te rm s will be exp lained  m ore fu lly  la te r  in th e  te x t) . P a r t  o f 
th is evo lu tion  is illu s tra te d  in figure 1.1. S ta r  fo rm a tio n  is typ ica lly  s tu d ied  w ith  tw o d ifferen t ap p ro ach es 
(see L ad a  1985): O ne ap p ro a ch  exam ines global or m acroscopic processes w hich govern  w here an d  how 
s ta r  fo rm a tio n  occurs in  galax ies o r m olecu lar clouds; the  second investiga tes th e  fo rm a tio n  an d  evo lu tion  
of ind iv id u al o b jec ts  w ith  th e  goal of describ ing  and u n d ers ta n d in g  th e  lifespan  of p ro to s ta rs .
T h e  in itia l m ass fu n c tio n  w as first derived by S alp e ter (S a lpe ter 1955) by an a ly z in g  th e  lu m in o sity  
function  of s ta rs  in th e  so lar ne ighborhood . T h is  lum in o sity  fu n ctio n  reveals th a t  th e  n u m b e r o f s ta rs  
of low in trin s ic  lu m in o sity  a re  m ore com m on per u n it volum e th a n  those  o f high in trin s ic  lum in o sity . 
F u rth e rm o re , the  n u m b er o f h igh  lum inosity  s ta rs  d rops off m ore qu ick ly  th a n  the  low lu m in o sity  ones 
(there is an  increase in th e  g rad ie n t o f th e  the  lum inosity  function) due to  h igh  lu m in o sity  s ta rs  b u rn in g  ~  
10 percen t of th e ir  core hydrogen  co n ten t quickly  and  then  tu rn in g  off the  m a in  sequence. W h en  S a lp e te r  
took in to  accoun t, am o n g st o th e r  th ings, s te lla r lifetim es he found  th a t  th e  th e  in itia l m ass fu n ctio n , 
f(m ), w hich is defined as th e  p ro b ab ility  th a t  a  s ta r  shou ld  form  in a given vo lum e an d  have an  in itia l
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m ass betw een m  an d  d m  is described  by
f ( m ) d m  cc m ~ 2'35dm.  ( 1 -1 )
F u rth e r  w ork (see Scalo 1986 for an  extensive review) has revealed  th a t  in ad d itio n  to  follow ing th e  general 
power law form  th e re  are tw o peaks a t m  ~  0.3 M q  and  a t 1.2 M q . T h e  h igh  m ass p eak  m ay  be a  resu lt 
of the  observed b im o d a l n a tu re  of s ta r  fo rm a tio n  w hich is in ferred  from  ob se rv a tio n s o f s ta r  fo rm ing  
clouds (w hich is d iscussed la te r)  while the  low m ass peak  m ay  suggest a  p referred  m in im u m  m ass. T h is  
m in im um  m ass could  have tw o ex p lan a tio n s (Shu, A dam s & L izano 1987, SAL 1987 h ere a fte r) , e ith e r 
th a t  th e  ISM  p referen tia lly  p roduces s ta rs  o f th a t  m ass or th a t  th e  p re s te lla r  ev o lu tio n  is th e  cause; 
the bu ild ing  up of a  p ro to s ta r ’s m ass by accretion  is only  h a lted  by a un iversa l process like an  outflow  
triggered  by the  o n se t o f th e rm o n u c lea r fusion.
M ost s ta rs  occur in  b in a ry  or m u ltip le  system s, of w hich one of th e  ea rlies t s tu d ies  w as by A b t and  
Levy (1976). T h ey  c la im ed  th a t  h igh  se p ara tio n  b inaries (w ith  o rb ita l periods g rea te r  th a n  100 years) 
show lit tle  link  betw een  th e  p a r tn e r  m asses, w hile low se p a ra tio n  b inaries (o rb ita l perio d s less th a n  1 0 0  
years) tend  to  have s im ila r  m ass p a rtn e rs . T hey  also found  th a t  th e  d is tr ib u tio n  o f th e  co m p an io n  s ta rs  
(secondaries) is also d ifferen t betw een th e  two types of b inaries; the  low se p a ra tio n  b in a ries  have m ore 
high m ass secondaries th a n  low m ass, while in co n tra s t the  h igh  se p a ra tio n  b inaries have m ore  low m ass 
secondaries th a n  h igh  m ass (eg th e  slope of the  IM F of low se p a ra tio n  b in a ry  secondaries h as  th e  o p p o site  
sign to  th a t  for th e  IM F  of field s ta rs  and  high se p ara tio n  b in a ry  secondaries). It h as  been suggested  
th a t  th e  high se p a ra tio n  b in a ries  m ay be the  the  resu lt of fra g m e n ta tio n  o f th e  p re s te lla r  cloud  core w hile 
the low se p a ra tio n  b in a ries  re su lt from  a  p a r tn e r  fo rm ing  w ith in  th e  d isk  o f a  p ro to s ta r  (SAL 1987) - See 
figure 1.1. T hese resu lts  have been critica lly  assessed since A b t an d  Levy (1975). D uquennoy  an d  M ayor 
(1991) found  th a t  in  th e ir  sa m p le  of b inaries no d is tin c tio n  betw een secondary  d is tr ib u tio n s  conclusively  
existed  betw een  h igh  an d  low p erio d  b inaries, an d  review ed th e  w ork on se lection  effects ca rrie d  o u t since 
the orig ina l A b t an d  Levy p ap e r. However la te r  work s till, (M azeh, G o ld b erg ,D u q u en n o y  an d  M ayor
1992), found  m ore com pelling  evidence th a t  A b t and  Levys conclusions a b o u t tw o d is t in c t p o p u la tio n s  
are correct.
G alac tic  s ta r  fo rm a tio n  is observed to  occur in m olecu lar clouds (SAL 1987) an d  in d iv id u a l s ta rs  fo rm  
from  e ith er sm all, low m ass clouds or from  clum ps w hich are located  w ith in  a la rg e r cloud (B eichm an  
et al 1986). T h e  m asses o f a  m olecu lar cloud m ay be as large as 10' M q  an d  the  rad iu s  101 7 m . A s ta r  
can be as sm all as 10_ 1 M q an d  rad ius 108m  (SA L). S ta r  fo rm a tio n  therefore involves f ra g m e n ta tio n  and  
collapse of th e  ISM  an d  increases in density  over m any  o rders o f m a g n itu d e . G ra v ity  drives co llapse and  
various su p p o rt m echan ism s oppose it, inc lud ing  th e rm a l pressure, tu rbu lence , an g u la r m o m e n tu m  an d  







F igure 1.1: F igu re  show ing F ra g m en ta tio n  of the  p reste lla r core lead ing  to  two w ide b in aries , an d  frag ­
m e n ta tio n  w ith in  a  p ro to s te lla r  disk lead ing  to  close fo rm a tio n  b inaries, im ages from  from  C lark  (1995) 
and A d am s & Benz (1992).
Spitzer 1956 for an  early  d iscussion). T h e  d ifferent su p p o rt m echan ism s m ay  be m ore or less im p o r ta n t  
a t different ev o lu tio n a ry  stages an d  m ay in te ra c t w ith  each o th e r. T h ere  are several a p p a re n t p ro b lem s 
which can  only  be exp lained  once the  su p p o rt m echanism s are u n d ersto o d .
M agnetic  fields offer considerab le  su p p o rt (depend ing  on the  degree of io n iza tio n  - M cKee 1989) 
because th e  field is ‘frozen in ’ ie the  m ag n etic  field lines m ove w ith  th e  gas, an d  th e  m a g n e tic  flux per 
surface density  of gas therefo re  s tay s c o n s tan t. T h is  can  only be overcom e by a m b ip o la r  d iffusion w hich 
is believed to  be th e  m a in  way in  which a  cloud co n trac ts  (M ouschovias 1991). T h e  gas is free to  co llapse 
along th e  field lines unless th e re  is a  significant am o u n t o f M E D  tu rb u len ce  - in w hich case A lfven waves 
su p p o rt th e  cloud  p ara lle l to  th e  m ag n etic  field lines (G am m ie an d  O striker 1996). T h e  s ta r  fo rm a tio n  
tim e scale in a m ag n e tica lly  su p p o rted  cloud is therefore likely to  be considerab ly  longer th a n  th e  free fall 
tim e scale o f m o st clouds,w hich  is e s tim a ted  to  be 104  to  106  years (Z uckerm an  an d  P a lm e r  1974). T h is  
helps to  exp la in  w hy m o lecu lar clouds are observed so widely, an d  have derived  lifespans longer th a n  the 
free fall tim escales.
O ne m a jo r  p ro b lem  is w hy ty p ica l velocities observed in m o lecu lar clouds te n d  to  be h igh ly  superson ic . 
If due to  tu rb u le n ce  these m o tio n s  w ould lead to  collisions betw een superson ic  flows, an d  th e  asso c ia ted  
shocks w ould convert k ine tic  in to  th e rm a l energy (Scalo 1987). T h e  ex istence o f m a g n e tic  fields can  help
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explain  th e  large velocities w ith o u t th e  need for large in p u ts  o f energy to  m a in ta in  th e m  over su s ta in e d  
periods, because th e  velocities o f A lfven waves are generally  la rger th a n  th e  th e rm a l velocities an d  are 
p erhaps la rge enough  to  ex p la in  the  observed linew id ths (M ouschovias 1991).
C loud  cores ten d  to  be m ode led  as hav ing  in itia lly  aligned m ag n e tic  field lines ru n n in g  th ro u g h  th em , 
and  connecting  to  in te rs te lla r  m a te r ia l ex terio r to  the  cloud (Lublow  & P rin g le  1996, Boss 1997). T h is  
scenario  th en  allow s an e x p la n a tio n  of how th e  cloud cores loose excess an g u la r  m o m e n tu m  as th ey  
con trac t: T h e  ro ta t io n  of th e  core p roduces a to rque  in the  m ag n etic  field, an d  a ‘k in k ’ in  th e  field lines. 
T h is  ‘k in k ’ is p ro p a g a te d  o u tw ard s  from  th e  core to  the  ex terio r in te rs te lla r  m e d iu m  in th e  fo rm  o f A lfven 
waves (M estel an d  S p itze r 1956, M ouschovias and  P aleologue 1980). T h e  core feels a  d ra g  op p o sin g  its  
spin, the  ex te rio r a  to rq u e  du e  to  the  m agnetic  field lines, an d  a n e t tran sfe r  o f an g u la r  m o m e n tu m  occurs 
from  the  core to  th e  in te rs te lla r  m ed ium .
O ne expects considerab le  feed back of k ine tic  energy in to  the  cloud  once s ta r  fo rm a tio n  occurs due 
to  b ip o la r outflow s (observed  in  a lm ost every young ste lla r ob jec t) an d  h igh  velocity  w inds. In  th e  case 
of high m ass s ta r  fo rm a tio n  considerab le  UV em ission an d  even supernovae will also feed energy  in to  the  
clouds. T hese  events can  feed energy in to  th e  su p p o rtin g  tu rb u len ce  an d  A lfven waves, an d  an  overall 
equ ilib rium  m ay  be reached . M cKee (1989) also suggests th a t  ionizing ra d ia tio n  from  C osm ic R ays m ay  
have a  s tro n g  reg u la to ry  effect an d  suggests possible steady  s ta te  s itu a tio n s  were a  c o n s ta n t ra te  o f s ta r  
fo rm atio n  w ith in  a  cloud  p a r t  su p p o rts  it and  prevents to ta l collapse.
T h e  overall s ta r  fo rm a tio n  efficiency ap p ears  to  be very variab le  w ith in  th e  galaxy . O ne can  define 
the  s ta r  fo rm a tio n  efficiency (SFE ) in a  cloud as,
S F E  =    (1.2)
M , +  M cioud
where M* is th e  to ta l  m ass o f s ta rs  in a  cloud and  Mcioucj is th e  m ass o f gas in th e  cloud . T h e  s ta r  
fo rm a tio n  efficiency is e s tim a te d  to  be a b o u t 2 percen t in the  first g a lac tic  q u a d ra n t (M yers e t a l 1986) 
b u t m u s t have been  20 to  50 percen t for th e  observed bou n d  c luste rs  an d  ap p ears  to  be th a t  h igh  in 
O phiuchus (L ad a  an d  W ilk ing  1984). In  the  galaxy  as a whole it is th o u g h t th a t  gas tu rn s  to  s ta rs  in 
a period  of a b o u t 109 years (SAL 1987) (a sm all fraction  of the  H ubble  tim e), im p ly in g  th a t  e ith e r  the  
presen t tim e is p a r tic u la rly  ac tiv e  in the fo rm ing  s ta rs  or th a t  e x tra  m a te r ia l is being  fed in to  th e  ISM , 
possibly from  a g a lac tic  halo  or h igh la titu d e  clouds.
C learly  a process o f such com plexity , an d  w ith  such well defined co n s tra in ts  as those d iscussed  above 
(ie IM F, b in a ry  frac tions, an d  efficiency), will prove very d ifficult to  describe fully. T herefo re  th is  thesis  
aim s to  s tu d y  the  sim ple  case of p reste lla r evo lu tion  in iso la tion , an d  in  p a r tic u la r  th e  in itia l s ta te
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Proplyd (C lass 2)
F igure 1.2: S chem atic  illu s tra tin g  th e  p o s tu la te d  evo lu tion  of a s ta r  fo rm ing  B ok G lobu le , f irs t i t  fo rm s a 
p reste lla r core w hich on collapse c reates a p ro to s ta r  w ith  b ip o la r  outflow , th is  th e n  evolves to w ard s a m a in  
sequence s ta r  w ith  an  obscuring  disk (in th e  near in fra red  an d  o p tica l). Bok g lobu le  im age  ta k en  fro m  th e  
A stronom y  P ic tu re  of th e  D ay www page, c red it an d  copy righ t o f im age D av id  M alin , A nglo  A u s tra lia n  
O bservatory , im age o f p res te lla r core L1689B from  A ndre  e t al 1996, im age o f B335 p ro to s ta r  from  
C h an d le r e t a t 1990, im age of p ro p ly d  from  th e  A stro n o m y  P ic tu re  o f th e  D ay www page , im ag ed  w ith  the  
H ST. T h e  A stro n o m y  P ic tu re  of th e  D ay www page can  be found  a t  h t tp : / /a n tw rp .g s fc .n a s a .g o v /a p o d .
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for such evo lu tion , th e  p res te lla r  core. A p reste lla r core can  be defined as the  ph ase  in in  w hich a 
g rav ita tio n a lly  b o u n d  fra g m en t has form ed in  a  m olecu lar cloud an d  is evo lving to  progressively  h igher 
degrees of cen tra l co n d en sa tio n  even tua lly  lead ing  to  the  p ro to s te lla r  collapse an d  ev o lu tio n  il lu s tra te d  
in F igure  1.2 (W a rd -T h o m p so n  e t al 1994; A ndre , W ard  T h o m p so n  an d  M o tte  1996), an d  describ ed  in 
section 1.7. F irs t how ever I d iscuss the  g lobal and  m acroscopic processes observed  in  th e  ISM .
1.2 C o m p o n en ts  o f  th e  Interstellar M edium .
T he in te rs te lla r  m e d iu m  is m a in ly  hydrogen  and  helium , th e  m a in  p ro d u c ts  o f th e  b ig  bang . H elium  
co n s titu tes  a b o u t 10 p ercen t o f the  to ta l nu m b er of a to m s in th e  un iverse an d  25 p ercen t o f th e  to ta l 
m ass. T h e  hydrogen  is e ith e r  in  ionized, a to m ic  or m olecu lar form . In  a d d itio n  a p p ro x im a te ly  2 percen t 
by m ass of th e  local ISM  is m a d e  up of elem ents m ore m assive th a n  He an d  2 p ercen t by m ass is m ad e  
up of in te rs te lla r  d u s t.
T h e  a to m ic  hydrogen  can  be p robed  by its  21cm  line em itte d  w hen an e lec tron  sw itches its  sp in  from  
an ti-para lle l to  th e  p ro to n ’s sp in  to  p ara lle l to  it. T h is  tra n s itio n  has a  low e x c ita tio n  energy. T h ere  
are two m a jo r  ad v an tag es in h e ren t in using th is  line to  s tu d y  the  g a laxy  an d  its con ten ts ; th e  g a lax y  is 
tra n sp a re n t in  th e  tra n s itio n  in a lm ost all d irec tions, an d  m uch of th e  ga laxy  is cold an d  th e re fo re  can  
only be p robed  w ith  lines w ith  low ex c ita tio n  te m p e ra tu re s  (see C om bes 1991). HI p robes all o f th e  cold 
atom ic hydrogen  in  th e  galaxy.
In m o lecu lar hydrogen  an e lec tron  can n o t ‘flip ’ its spin due to  the  P au li exclusion p rincip le . In  a d d itio n  
it belongs to  th e  se t o f sy m m etric  m olecules w hich as d iscussed by P enzias an d  B u rru s (1973), does n o t 
have a d ipo le  m o m en t. T h e  low est energy tran s itio n s  are due to  q u ad ra p o le  tra n s itio n s  betw een  ro ta t io n a l 
levels, and  because o f th e  m o lecu le ’s low m o m en t of in e rtia , occur a t w avelengths sh o r te r  th a n  28/rm . In 
order to  excite  th e  m olecule in to  the  u p p er ro ta tio n a l levels the  te m p e ra tu re  of th e  gas m u s t be g rea te r  
th a n  510K (see M cC artn ey  1997). B ecause the  v ib ra tio n a l tra n s itio n s  have an  even la rger energy  (they  
are typ ically  in the  in fra red ) an d  need high ex c ita tio n  te m p e ra tu re s  they  also do n o t trac e  th e  cold ISM . 
T he m olecu lar m a te r ia l in th e  ISM  is generally  very cold an d  m ost m o lecu lar hydrogen  c a n n o t the re fo re  
be seen in  em ission. O n ly  th e  w arm er or m ore excited  regions such as shocks an d  p h o to d is so c ia tio n  
regions are d irec tly  observable w ith  m olecu lar hydrogen  tra n s itio n s  in em ission.
T h e  cold hydrogen  in a  region can  however be d irec tly  observed by looking  for H 2 a b so rp tio n  fea tu res  
in the UV co n tin u u m  of back g ro u n d  s ta rs  (eg Savage et al 1977) - how ever th is  ap p ro a ch  is lim ite d  to  
su itab le  lines of sigh t. S im ila r w ork exists s tu d y in g  a to m ic  hydrogen  in em ission b u t is lim ite d  generally
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to  s tud ies of th e  local ISM  (ie th e  nearest 30-200pc) because o f th e  high a b u n d a n ce  an d  o p ac ity  o f th e  
lines, (see Cox an d  R eyno lds 1987, Paresce 1984, D iam ond  e t al 1995 an d  D ring  e t al 1997). T h e  m a in  
benefit in b o th  these  types o f s tu d y  to  th e  m ore general surveys o f th e  ISM  is the  co rre la tio n s  revealed  
betw een hydrogen  co lum n  d en s ity  and  the o p tica l ex tin c tio n  due to  d u s t.
G enera lly  ‘tra c e rs ’ o f the  hydrogen  m u st be used to  observe th e  cold co m p o n en ts  o f th e  ISM . T h e  two 
tracers m ost com m on ly  used are  ca rb o n  m onoxide (w hich has low energy m illim e te r  ro ta t io n a l tra n s itio n s)  
and d u s t w hich absorbs lig h t in  the  op tica l regim e an d  p roduces c o n tin u u m  em ission  th ro u g h o u t the 
in frared  an d  su b -m illim e tre  (H ild eb ran d  1983, Lynds 1962, B eichm an  1987). B o th  have m a n y  lim ita tio n s  
inheren t in the  fac t th a t  th ey  are  tracers of th e  m olecu lar hydrogen , th e  p rinc ip le  am o n g s t th e m  are th a t  
the ab u n d an ce  of m o lecu lar species is d ependen t on cloud chem istry ; an d  th e  a b u n d a n ce  an d  fo rm  o f the  
d u st is d ep en d en t on th e  fo rm a tio n  process an d  env ironm en ta l h isto ry . In ad d itio n  m o lecu lar tr a n s itio n s  
have a low range o f o p tic a l d e p th s  in w hich the  lines can  be d e tec ted  (in a  reaso n ab le  tim e) an d  before the  
lines becom e o p tica lly  th ick . F u rth e r  p rob lem s like selective p h o to d isso c ia tio n  - w here th e  less a b u n d a n t 
iso topom ers of a  species are dep le ted  w ith  respect to  th e  m ore a b u n d a n t ones, due to  g re a te r  exposu re  
to  d issocia ting  ra d ia tio n  - also have to  be considered (eg G reaves, O hish i, W h ite  an d  S u n a d a  1995).
F igures 1.3, 1.4 an d  1.5 show  exam ples of the  extensive stud ies  m ade  o f th e  ISM : early  w ork s tu d y in g  
op tically  opaque d a rk  d u s t clouds (Lynds 1962); a survey of th e  CO  em ission in th e  g a lac tic  p lan e  (D am e et 
al 1987); th e  far in fra red  all sky  survey p roduced  by th e  IR A S sa te llite ; an d  th e  recent L eid en /D w in g elo o  
HI survey (H a rtm a n n  and  B u rto n  1997). T h e  large scale fields w hich p lay  an  im p o r ta n t  role in  the  










































































































































































































































































































































Figure 1.4: IR A S all sky survey. T h e  survey  traces s im ila r s tru c tu re s  to  b o th  th e  C O  an d  L ynds su rveys, 
it does how ever cover th e  w hole sky (a p a r t from  lim ited  zones of avoidance) an d  is m a d e  u p  o f 4 d iffe ren t 
w avelengths. T h e  fa in te r  ‘s-like’ s tru c tu re  is from  zod iacal em ission. Im age from  th e  IPA C  W orld  W ide  
W eb page h ttp : / /w w w .ip a c .c a lte c h .e d u /
1.3 S tructu re  o f  th e  In terstellar M edium .
T he exac t d e lin ea tio n  betw een  co m p o n en ts  is d ifficult, due largely  to  th e  self s im ila rity  o f th e  ISM  on all 
scales from  sp ira l a rm  com plexes dow n to  0.01 pc scales (E lm egreen  an d  F algarone  1996, T u rn e r 1996). 
T here  are several review s in  th e  lite ra tu re  on th e  s tru c tu re  of th e  ISM  an d  th e  m o lecu lar clouds (eg: 
Scalo 1985, T u rn e r  1996).
T h e  TS.M can  be broken  dow n in to  several d ifferent com p o n en ts , w hich in o rder o f inc reasing  d en s ity  
are: the  H ot In te r  C loud  M edium ; the  W arm  In te r C loud  M edium ; W arm  HI; H I clouds; H 2  diffuse 
clouds; and  H 2 dense clouds. H II regions and  S upernova re m n a n ts  are ad d itio n a l co m p o n en ts  o f the  
ISM w hich have been sign ifican tly  a lte red . H II regions are ionized by UV ra d ia tio n  from  h igh  m ass 
s ta rs . S upernovae em it energy in m any  d ifferent fo rm s inc lud ing  ra d ia tio n  an d  h igh  energy  p a rtic le s  
which shock th e  ISM . H II regions an d  su pernova  re m n a n ts  the re fo re  c o n s titu te  th e  c o m p o n en ts  o f  th e  
ISM m o st obviously  affected by high m ass s ta r  fo rm a tio n . T h e  IR  diffuse clouds an d  H 2 dense clouds 
can be sub d iv id ed  in to  C irru s , Diffuse clouds, T ran slu cen t clouds, C old d a rk  clouds (w ith  a  s tru c tu re  
rang ing  from  com plexes to  in d iv id u a l clouds to  cores and  clum ps) an d  G ia n t M olecu lar C lo u d s (ag a in  
w ith  a s tru c tu re  o f com plexes, m a jo r  fragm en ts, w arm  clum ps an d  h o t cores). T y p ica l values for each 









F igure 1.5: L eid en /D w in g elo o  III survey. T h e  survey  is lim ited  in sky coverage. T h e  I i l  scale h e ig h t is 
considerab ly  la rger th a n  th e  scale heigh t o f th e  d u s t an d  m olecules. HI also h as velocity  in fo rm a tio n : 
th is  im age is cen tred  ro u n d  - ' 2 2  k m /s  w here th e  em ission peaks tow ard  th e  g a lac tic  cen tre ; in  c o n tra s t 
a t 22 k m /s  th e  em ission  peaks aw ay from  th e  g a lac tic  cen tre. Im age from  th e  N F R A  W orld  W ide  W eb 
page h t tp : / /w w w .n f ra .n l/n f ra /p ro je c ts / le id e n H I .h tm
T ab le  1.1: S u m m ary  of cloud  p ro p ertie s  (from  T u rn e r 1996).
C o m p o n en t S ize(pc) D ensity  (cm - 3 ) T em p era tu re (K ) A y  (m ag)
C irru s  10-30 10-50 30-150 0.3
Diffuse C louds 1-5 100-800 30-80 <  1
T ran slu cen t C louds 0.15-1 500-4000 13-35 1-5
Cold D ark  C louds
C om plex  6 - 2 0  100-1000 >  10 1 - 2
C loud  0.2-4 100-10000 >  10 2-5
C ores 0 .05-0.4 104  -  105 10 5-25
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Scalo (1985) suggests a  h ie ra rch y  for cloud s tru c tu re . O n lk p c  scales S uperclouds ex is t, w hich are 
ap p a ren tly  in  v iria l eq u ilib riu m  an d  ex tend  up  to  200pc above th e  g a lac tic  p lane. T h ese  can  be broken  
down in to  several d is t in c t E x tin c tio n  C om plexes of 20-100pc, w hich can  be se p a ra te d  in to  tw o types, 
Cold D ark  C om plexes or G ia n t M olecu lar C louds. A lthough  b o th  types are seen to  fo rm  s ta rs , on ly  in 
the G ian t M olecular C louds are OB s ta rs  fo rm ed. In d iv id u a l clouds have ty p ica l sizes o f l-1 0 p c  an d  m ake 
up the  E x tin c tio n  C om plexes. T h ese  clouds them selves can be resolved in to  se p a ra te  c lu m p s or cores as 
sm all as O .lpc on scale.
T he observed d is tr ib u tio n  o f a to m ic  m a te r ia l (Koo, Heiles an d  R each  1992) is less confined to  the  
galactic  d isk  th a n  th e  m o lecu lar m a te r ia l (T h ad d eu s 1991) and  su p p o rte d  aw ay from  th e  p lan e  by su p e r­
novae an d  OB assoc ia tions . T h e  in te rs te lla r  clouds grow  th ro u g h  coalescence an d  accre tion  of in te rc lo u d  
m ateria l (E lm egreen  1990) before beg inn ing  to  co n tra c t u nder self g rav ity . As it accretes a n d  co n tra c ts  
(increasing its  m ass an d  d en s ity  respectively) a  c lo u d ’s opac ity  increases. W hen  its  ex tin c tio n  o f u l t r a  
violet p h o to n s  from  th e  in te r  s te lla r  ra d ia tio n  field (which d issocia tes m o lecu lar hydrogen) becom es g rea t 
enough th en  m o lecu lar EG an d  CO  are no longer destroyed . T h e  fo rm a tio n  o f m o lecu lar hyd rogen  is 
th o u g h t to  be difficult (due to  th e  lack o f low energy tran s itio n s  w hich m ig h t ca rry  excess energy  aw ay) 
and a th ird  body  (like a  d u s t g ra in  surface) m ig h t be needed (D uley an d  W illiam s 1984).
W ith  th e  onse t o f m olecule fo rm a tio n  an d  a significant am o u n t o f self g ra v ita tio n , th e  p ressu re  m u st 
increase if overall eq u ilib riu m  is to  be m a in ta in ed . Several o th e r  su p p o rt m echan ism s also oppose  or slow 
the collapse of in te rs te lla r  clouds (ro ta tio n , tu rb u len ce  an d  m ag n etic  fields).
Cold D ark  C louds can  cool to  te m p e ra tu re s  by cooling th ro u g h  m o lecu lar lines an d  th e  d u s t co n tin u u m  
(W hitw orth  et al 1998). T h ey  are observed to  occur equally  w ith in  an d  betw een  sp ira l a rm s. T h ey  occur 
close to  th e  g a lac tic  p lane  (z <  80pc) and  are therefore seen only locally  (a t d is tan ces less th a n  300pc). 
G ian t m olecu lar c louds in c o n tra s t are in general w arm er, m ore m assive an d  s itu a te d  n ea r sp ira l a rm s 
(T urner 1996).
1.4 D y n a m ics  o f  Interstellar C louds and Interstellar  C louds
L arson (1981) s tu d ie d  th e  re la tio n s  betw een line w id ths, cloud size an d  cloud  m asses for m o lecu lar clouds 
over 6  o rders o f m a g n itu d e  in  scale. He found  a co rre la tion  betw een th e  cloud  rad iu s (R) an d  th e  m ass 
(M) w hich is now believed to  be of the  form  M  oc R 2. T h is  re la tio n  im plies th a t  all clouds te n d  to  have a 
co n stan t co lum n density  s tro n g ly  su p p o rtin g  the  a rg u m en t by M cKee (1989) th a t  th e re  is an  eq u ilib riu m  
p o in t for clouds w here th e  tendency  to  collapse, which increases w ith  o p tica l d e p th  because io n iza tio n
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levels decrease (p ro d u c in g  a  p ro p o rtio n a l decrease in the am b ip o la r  diffusion tim esca le ), as does ex te rn a l 
hea ting , is ba lanced  by new ly fo rm ed  s ta rs  supp ly ing  energy to  th e  cloud on large scales sizes.
Larson also found  a co rre la tio n  betw een line w id th  (<r) o f C O  an d  cloud  rad iu s, o f th e  fo rm  a  oc 
R 0 38. L arson  used th e  lin e -w id th  re la tio n  to  argue th a t  th e  su p p o rt is tu rb u le n t (for s im p le  K o lm ogoroff 
tu rbu lence cr oc R 0 33). S o lom on  e t al (1987) carried  o u t a s im ila r w ork an d  found  a fte r su b tra c tin g  
the th e rm a l co m p o n en t th a t  cr oc R 0 5, w hich can be used to  argue th a t  the  clouds are n ea r v iria l 
equ ilib rium  (C om bes 1991) a n d  leads to  the  m ass rad iu s  re la tio n  d iscussed above. C om bes s tro n g ly  
argued ag a in s t any  s im ple  e x p lan a tio n ; he showed th a t  the  observed re la tio n sh ip s m ig h t s im p ly  be due 
to selection  effects an d  th e  n a tu ra l  resu lt of a large num ber of ran d o m  clouds being d e tec ted  in each line 
of sigh t. Scalo (1987) also a rgues s trong ly  ag a in st any sim ple ex p lan a tio n : th e  w hole sy stem  is ex trem ely  
com plex, w ith  a large a m o u n t o f energy being  supplied  to  the  clouds a t  all scales due to  various feedback 
m echanism s like outflow s, S upernovae , an d  expand ing  H II regions. T h e  s im ple  K olm ogorov  d eriv a tio n  
assum es incom pressib le  flows an d  energy in p u t only  a t the  la rgest scale, an d  is clearly  n o t ab le  to  rep resen t 
the com plex  observed b eh av io u r of th e  ISM .
O rdered  m ag n e tic  fields can  su p p o rt p a r tia lly  ionised m a te r ia l in  tw o ways. I t can  su p p o r t th e  gas in 
the d irec tio n  p ara lle l to  the  field lines th ro u g h  M HD tu rb u len ce  in th e  fo rm  of A lfven w aves (G am m ie  
and O striker 1996). S u p p o rt o f the  gas perp en d icu la r to  the  field lines due to  io n /n e u tra l  co llisions can 
also occur an d  is on ly  overcom e by am b ip o la r diffusion (M ouschovias 1990). In b o th  o f these  su p p o r t 
m echanism s th e  io n iza tio n  level in the  gas is th e  c ritica l physical p a ra m e te r  w hich con tro ls  the  efficiency 
of the  su p p o rt. B o th  th e  d a m p in g  tim escale o f th e  A lfven waves an d  th e  am b ip o la r  diffusion tim esca le  
are inversely p ro p o rtio n a l to  th e  ion ization  level (M ouschovias 1990, Ruffle e t al 1998). I t is generally  
th o u g h t th a t  su p p o rt p a ra lle l to  th e  field lines is lost a t an earlier s tage  in th e  evo lu tion  of a cloud  th a n  
the su p p o rt p e rp e n d icu la r  to  th e  field lines (Ruffle et al 1998).
T h e  io n iza tio n  level falls as th e  ionizing u ltrav io le t ra d ia tio n  p e n e tra tin g  in to  th e  cloud  d ro p s, and  
only once th e  io n iza tio n  level d ro p s  far enough can  M HD tu rb u len ce  decay, an d  a m b ip o la r  diffusion allow  
a cloud to  condense an d  co llapse  (M cKee 1989). T h e  m agnetic  an d  UV fields, and  th e ir  key su p p o rtin g  
role, add  fu rth e r  co m p lica tio n  to  any descrip tion  of the  dyn am ics of th e  ISM  an d  fu rth e r  p rev en t s im ple  
exp lana tion .
O f the  d iv isions suggested  betw een com ponen ts o f the  ISM , one o f th e  s tro n g es t is th a t  betw een  w arm  
G ian t M olecular C louds an d  C old  C om plexes (L ad a  1995). T h ere  are two m odes of s ta r  fo rm a tio n , a  high 
m ass m ode w hich alw ays fo rm s c luste rs and  a low m ass m ode w hich m ig h t p roduce  iso la ted  or d is tr ib u te d  
s ta rs , o r low m ass c luste rs. W h y  such a difference is observed is con troversia l a lth o u g h  one long s ta n d in g
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suggestion  is th a t  th e  s ta r  fo rm a tio n  process las ts  for several 1 0 7  years an d  th e  low m ass d is tr ib u te d  
m ode occurs first (H erbig  1962). C old C om plexes m ay be m assive enough  to  form  b o u n d  c lu ste rs o f low 
m ass s ta rs  (eg O p h iuchus), b u t th e  G M C s form  and  then  com m ence h igh  m ass s ta r  fo rm a tio n  on ly  afte r 
encoun tering  th e  sp ira l a rm s. S ta rs  o f sp e c tra l type 0  an d  B have sh o rt life tim es. V irtu a lly  all know n 
OB associa tions are sp a tia lly  assoc ia ted  w ith  G M C s and  they  often  show  a  seq u en tia l p rogression  in  age 
w ith  the  youngest o ften  in te ra c tin g  w ith  the  cloud  in the  form  of a  shock w ave w hich p ro p ag a te s  fu rth e r  
bu rsts  o f s ta r  fo rm a tio n  (L a d a  1995).
1.5 Iso la ted  Star F orm ation  in Cores.
Low m ass s ta r  fo rm a tio n  is observed  to  occur in dense cores observed in iso la tio n  (as Bok G lobu les), in 
sm all m o lecu lar clouds an d  in G M C s. If  th e  subsequen t evo lu tion  is large ly  d e te rm in e d  by th e  co re ’s 
p roperties an d  re la tiv e ly  in d e p en d e n t o f ex te rn a l influences one m ig h t expect a generic  ev o lu tio n a ry  
h istory  lead ing  to  th e  fo rm a tio n  of p ro to s ta rs . D ete rm in ing  th is  ev o lu tio n a ry  track , even given th a t  it 
m ight describe only  how a m in o rity  of s ta rs  form , w ould be a m a jo r  s tep  fo rw ard  in th e  s tu d y  o f s ta r  
fo rm ation : it w ould offer a co m p ariso n  for fu rth e r  s tud ies o f s ta r  fo rm a tio n  as a w hole. T h is  is one of the  
goals to  w hich th is  thesis is a im ed .
T h e  s ta r t in g  p o in t of an  ob se rv a tio n a l s tu d y  of iso la ted  s ta r  fo rm ing  cores is to  look for ex trem ely  
dense, g ra v ita tio n a lly  b o u n d  reg ions in cold m olecu lar clouds. T h e  m o st successful s tu d y  o f such o b jec ts  
so far was carried  o u t by M yers, Linke, and  Benson (1983), in w hich they  selected  149 reg ions of h igh  
opacity  on the P a lo m a r  sky su rvey  p la tes . T hey  s tu d ied  these regions in  m o lecu lar tra n s itio n s  w ith  a 
reso lu tion  of 1 - 2  a rcm ins.
B eichm an  et al (1986) th en  identified  associa tions of these cores w ith  IR A S sources an d  found  ap p ro x ­
im ate ly  o n e-ha lf o f th e m  h a d  IR A S sources - o f which on e-th ird  were T -T a u ri s ta rs  an d  th e  rem a in d er 
were u n d e tec ted  in  th e  o p tica l. T h is  was used to  argue th a t  th e  associa ted  s ta rs  were very young , and  
th a t in a t least h a lf  o f th e  cores s ta r  fo rm a tio n  is tak in g  place. B eichm an  e t al (1986) w ent on to  find  th a t  
the only s ta tis t ic a lly  s ign ifican t difference betw een the  cores w ith  s te lla r  sources an d  w ith o u t w as th a t  
the line w id th  o f th e  cores w ith  s te lla r  sources was larger; p resum ab ly  because they  h ad  energy fed in  by 
ste lla r w inds or b ip o la r  outflow s from  th e ir  em bedded  s ta rs . T h e  fac t th a t  th e  tw o types of core are so 
s im ilar begs th e  ques tion ; do  cores w ith o u t sources go on to  fo rm  sta rs?  T h e  tim esca le  from  p ro to s te lla r  
collapse, to  o p tica lly  visib le T -T a u ri s ta r  is ~  10s years (B eichm an 1987), an d  to  m a in  sequence s ta r  is 
~  10' years (D ’A n to n a  an d  M azzitelli 1997); so do the  o th e r cores rep resen t th e  evo lu tion  w hich takes
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place on a  s im ila r tim esca le  before d y n am ica l collapse?
S im ila r w ork has been ca rried  o u t in o rder to  iden tify  g ra v ita tio n a lly  b o u n d  B ok G lobu les (iso la ted  
sm all m o lecu lar clouds) v isib le from  th e  n o rth e rn  hem isphere (C lem ens an d  B arv a in is  1988) an d  from  
the S o u th ern  H em isphere  (B ourke, H y land  an d  R obinson  1995). C lem ens an d  B arv a in is  (1988) fo u n d  
th a t  30 p ercen t o f th e  g lobules h ad  IR A S P o in t Source C a ta lo g u e  (P S C ) sources in th e  cores; o f these  10 
percen t were th o u g h t to  be field s ta rs  an d  10 percen t were th o u g h t to  be o th e r  chance assoc ia tions . T h e  
percen tage of th e ir  ca ta lo g u e  o f low m ass iso la ted  clouds (Bok globules) w ith  em b ed d ed  Y SO s, ro u g h ly  25 
percen t, seem s the re fo re  to  be less by a  fac to r o f 2 th a n  the  nu m b er of M yers’ cloud  cores w ith  em bedded  
YSO s. T h is  difference m ay  be due to  th e  different selection p rocedures (th e re  w as a tw o s te p  ap p ro a ch  
in the  M yers sam ple , regions o f high o p tica l o b scu ra tion  were first picked o u t for a  follow  up  C 180  and  
NH 3  su rvey). H ow ever if th e  above assu m p tio n  is correct, th a t  the  g lobules w ith o u t Y SO s rep resen t 
evolu tion  before d y n am ic  co llapse an d  the  globules w ith  Y SO s represen t evo lu tion  a fte r  co llapse, then  
the Bok g lobules in C lem ens an d  B a rv a in is’ sam ple  m ay be tak in g  th ree  tim es  longer to  fo rm  s ta rs . T h is  
is p erhaps because of h igher io n iza tio n  ra te s  ho ld ing  up am b ip o la r diffusion as a resu lt o f g re a te r  exposu re  
to the in te rs te lla r  U V field. O n ly  a d e ta iled  com parison  of the  physical c h a rac te r is tic s  o f th e  d ifferen t 
ca ta logues w ould be ab le to  show  th a t  the  Bok globules are less dense, an d  the re fo re  m ore ion ized , an d  
p resum ab ly  less evolved cores, th a n  those in the  M yers sam ple . A tte m p ts  to  answ er these  q u es tio n s will 
help to  shed  ligh t on th e  M cK ee (1989) m odel of s ta r  fo rm a tio n  w here, io n iza tio n  levels an d  co lum n  
densities influence th e  tim esca le  on w hich d y n am ic  collapse sets in.
M ouschovias (1991 an d  references there in ) has m odeled  how a core w ith  a  su p p o rtin g  m a g n e tic  field 
will evolve. T h e  core develops a  ch a rac te ris tic  density  profile: p oc r ~ 2 a t  th e  o u ts id e  du e  to  th e  iso th e rm a l 
equa tion  of s ta te , an d  a f la tte r  density  profile tow ards the cen tre  - a  residua l of th e  u n ifo rm  in itia l 
conditions. I t evolves to  progressively  m ore condensed s ta te s  th ro u g h  am b ip o la r  diffusion. I t w ill shed 
angu lar m o m e n tu m  on a t  m o st a tim escale
t =  (1-3)
/'ext vA,ext
by d iss ip a tin g  A lfven waves (M ouschovias an d  Paleologou 1980). Z is the  h a lf  th ickness of th e  cloud  an d  
vA,ext is th e  A lfven velocity  in th e  ex te rn a l m ed iu m , pext and  pQ\ are th e  d ensities of th e  ex te rn a l m ed iu m  
and cloud respectively . For ty p ica l physical p a ra m e te rs  t  is a  few 10® years.
T h e  observed d en sity  profiles o f cloud cores are in general very s im ila r to  th e  p red ic ted  profiles, M yers 
showed th a t  they  h ad  an r - 2  profile a t large rad ii. W ard -T h o m p so n  e t al (1994) follow ed th is  up  w ith  
higher reso lu tion  o bserva tions w hich showed fla ttened  inner profiles. A ndre  e t al (1996) show ed th a t  a t 
ou te r rad ii the  density  profile fell to  an r ~ 3  profile ensuring  th a t  cloud cores have an  o u te r  rad iu s  an d  a
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finite m ass. F u rth e r  o b se rv a tio n a l work has show n th a t  the  cores undergo  chem ical ev o lu tio n  co n sis ten t 
w ith  slow c o n tra c tio n  (K u ip er e t al 1996, B ergin  and  L anger 1997), an d  they  also  have sp e c tra l s ig n a tu re s  
consisten t w ith  a m b ip o la r  diffusion (M yers e t al 1996).
High reso lu tion  o b se rv a tio n a l w ork therefo re  su p p o rts  th e  belief th a t  th e  cloud  cores in  th e  various 
cata logues o f M yers e t al (1983), C lem ens & B arvain is (1988), an d  B ourke, H y lan d  & R ob inson  ((1995) 
are m ag n etica lly  su p p o rte d  an d  condensing  th ro u g h  am b ip o la r diffusion. A lth o u g h  charged  p artic le s  like 
the ions, e lec tron  an d  d u s t p a rtic le s  are effectively tied  to  the  m ag n e tic  field lines, th e  n e u tra ls  are n o t. 
These are free to  m ove w ith  respect to  th e  field lines, un d er the influence of g rav ity , b u t w hen do ing  so 
experience a  d rag  m a in ly  due to  collisions w ith  th e  ions. A m a th e m a tic a l d esc rip tio n  o f th e  process is 
given in ch a p te r  2 w hich follow s the  tre a tm e n t of Spitzer (1978). M ouschov ias’ m odel of core evo lu tion  
shows th a t  the  m a g n e tic  flux reduces in the  cen tre  o f th e  core so one can  th in k  o f th e  process as one 
in which m ag n e tic  flux diffuses o u t o f th e  gas. T h is  m eans th a t  th e  cores will evolve to  a  p o in t w here 
m agnetic  su p p o rt is no longer capab le  of su p p o rtin g  the  core ag a in st d y n am ic  collapse. T h is  occurs w hen 
the core loses enough  m a g n e tic  flux (due to  am b ip o la r  diffusion) to  sa tisfy  th e  follow ing in e q u a lity  for 
g rav ita tio n a l in s ta b ility  o f a m ag n e tica lly  su p p o rted  core:
MCr>° 13401/2 ~103M© ( i ^ ) ( | i )  (' “)
as discussed in SAL (1987). H ere $  is th e  m ag n etic  flux per u n it surface a re a  d en s ity  an d  B is the  
m agnetic  field s tre n g th . R  is th e  rad iu s  o f th e  cloud.
A lth o u g h  it  is generally  assum ed  th a t  the  cores are iso therm al it is w o rth  n o tin g  th a t  th ey  m ay  well 
be governed by a m ore  com plex  eq u a tio n  of s ta te . If th e  h ea tin g  ra te  is lower tow ards th e  cen tre , possib ly  
due to  a low ra d ia tio n  field p e n e tra tin g  in to  the  in te rio r o f the  core, or th e  cooling is m ore  efficient in 
the cen tre (cooling is th o u g h t to  be m ain ly  a resu lt of CO  and  d u st ra d ia tio n ) , th e n  th e  core m ay  well 
be cooler in the  cen tre  (see K rugel & C hin i 1994, an d  T ohline, B odenheim er & C h ris to d e n d a u  1987).
T h is  thesis is a s tu d y  o f cloud  cores an d  th e  in itia l cond itions p rio r to  s ta r  fo rm a tio n . H ow ever before 
se tting  o u t th e  ques tions w hich are to  be tack led  in the  rest o f th is  w ork, a  d iscussion  of p ro to s te lla r  
evolution  an d  th e  various u n ce rta in ties  in our know ledge of p ro to s te lla r  evo lu tion  will help  illu s tra te  
why a s tu d y  of th e  in itia l co n d itio n s p rio r to  d y n am ica l collapse in cloud  cores affects th e  ev o lu tio n  of 
p ro to s ta rs  an d  is o f im p o rta n ce .
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1.6 P ro to ste lla r  E volu tion
At som e p o in t th e  m a g n e tic  field is no longer ab le  to  su p p o rt the  core an d  it will co llapse. T h ere  h as  been 
significant th e o re tic a l w ork on d y n am ica l collapse (L arson 1969, Shu 1977). However m o st o f i t  neglects 
the m ag n etic  fields. M ouschov ias’ w ork only goes to  a nu m b er density  n ~  10 1 2 c m ~ 3  an d  th o u g h  th e re  
seems to  be ongo ing  progress a im ed  a t  u n d e rs ta n d in g  the  la te r  evo lu tion  (eg Li an d  M ckee 1996), no 
work has fu lly  in c o rp o ra ted  m a g n e tic  fields in to  a  m odel o f p ro to s te lla r  evo lu tion . W h en  co llapse does 
occur it is expected  th a t  a  d isk  will form  a t th e  rad iu s w here the  infalling  m a te r ia l’s an g u la r  m o m e n tu m  
provides enough  su p p o r t a g a in s t grav ity . T h is  disk th en  feeds a h y d ro s ta tic  p ro to s ta r . W ork ignoring  
m agnetic  fields c learly  illu s tra te s  ju s t  how the  in itia l cond itions for collapse are  im p o r ta n t  an d  m a y  well 
be q u a lita tiv e ly  s im ila r to  th e  evo lu tion  of a m ag n etica lly  super critica l core.
Larson ana ly sed  th e  ev o lu tio n  of a co n s tan t density , iso th erm al core of in itia l m ass 2 .5M q an d  density  
10- 1 9 g cm - 3  (L arson  1969). In  such a  core, th e  co n s tan t te m p e ra tu re  an d  density  m ean  th a t  th e re  are 
no pressure g rad ien ts . T h erefo re  th e  w hole cloud collapses in free fall (ie th e re  are no re ta rd in g  forces). 
As the  m a te r ia l falls inw ards a pressure g rad ie n t arises in the  o u te r region w hich re ta rd s  th e  flow, b u t 
in the inner region free fall is m a in ta in ed . T h is  m eans th a t  the  d ensity  a t  th e  cen tre  increases m ore 
quickly th a n  a t  th e  o u ts id e . T h e  o u te r core develops a density  profile o f the  form  p cc r - 2  w hile the  
inner region m a in ta in s  a  hom ologous density  d is trib u tio n . C ollapse th ro u g h o u t the  core con tin u es u n til 
the cen tra l density , pc ~  1 0 ~ 1 4 g cm T 3  w hen a  sm all cen tra l region becom es sufficiently  o p tic a lly  th ick  to  
trap  the h e a t g en e ra ted  by th e  infall. T h is  leads to  a te m p e ra tu re  increase w hich increases th e  pressure  
and decelera tion  occurs. A h y d ro s ta tic  opaque core form s a t the  cen tre, an d  a shock is fo rm ed  a t  the 
boundary  betw een th is  core a n d  the  u n re ta rd e d  free falling  m a te ria l. T h is  first core does n o t la s t long. 
On a tim escale  o f ~  1 year th e  te m p e ra tu re  increases to  ~  2000K and  th e  Ho begins to  d isso c ia te  in to  
a tom ic hydrogen . T h is  leads to  a  d y n am ica lly  u n sta b le  s itu a tio n  and  free-fall co llapse o f th e  core ensues. 
A second h y d ro s ta tic a lly  su p p o rte d  core is c reated  w hen all the hydrogen  is finally  d isso c ia ted , an d  aga in  
a t the surface o f th is  core a shock fron t exists, due to  free falling m a te r ia l accre tin g  on to  it. As th e  
density  o f th e  in fa lling  m a te r ia l on to  th is core decreases the  opac ity  of th e  in falling  m a te r ia l will decrease 
also, and  begin  to  allow  a  s ign ifican t am o u n t o f energy to  be rad ia te d  aw ay from  th e  shock fro n t, th is 
allows the  core to  cool, condense and  co n tra c t. All th is  evolu tion  occurs w ith in  10-100 years (a  ty p ica l 
profile is given in  F ig u re  1.6) an d  the  first core will have d isap p eared  by th e  end of th is  tim e. B ecause 
this tim escale  is very sh o rt th is  evo lu tion  is unlikely  to  ever be observed.
Follow ing th is  sh o rt b u t even tfu l period  th e  m ain  accretion  of a p ro to s ta r  is th o u g h t to  occur. B ecause 
this process occurs on a m uch  longer tim escale (hundreds of th o u san d s of years) it is m ore  likely to  be
25
0
F igure l.É 
collapsing
log r
■. F igure  from  L arson  (1969) show ing the density  profile, p, , an d  velocity  profile, u,  o f a 







observed. M ost th e o re tic a l w ork in the  p as t 30 years has co n cen tra ted  on th is  s tage . L arson  believed th a t  
during  th e  m a in  accre tion  phase  the  lum in o sity  of a  p ro to s ta r  w ould increase d u rin g  th e  p erio d  w here 
the first h a lf  o f its  m ass w as accre ted  and  reduce as the  second h a lf  o f its m ass accre tion  proceeds. Shu 
argued th a t  th e  co llapse of a s in g u la r iso th erm al sphere (p oc r~ 2) was m uch  m ore likely an d  physically  
realistic. He argued  th a t  th is  profile can be p roduced  from  a wide nu m b er of d ifferen t in itia l con d itio n s 
and is due to  th e  n a tu ra l  ten d en cy  of an iso th erm al se lf-g rav ita tin g  gas to  ap p ro ach  d e ta iled  m echan ica l 
balance. T h e  c ritica l a s su m p tio n  lead ing  to  p a  r ' 2 profile is o f iso th erm ality . He th e n  show ed th a t  
collapse occurs first a t  th e  cen tre  an d  a collapse expansion  wave p ro p ag a tes  o u t from  th e  cen tre  a t  th e  
sound speed. T w o o th e r  key fea tu re s  o f his m odel are th a t  accretion  occurs a t  a  c o n s ta n t ra te  ( th e  m ass 
of the cen tra l o b je c t is p red ic ted  to  be a 3 t / G  w here a  is the  iso th erm al sou n d  speed , t th e  tim e  and  
G the g ra v ita tio n a l c o n s tan t)  an d  the  gas flows are subsonic (Shu 1977). F oster an d  C hevalier (1993) 
showed th a t  th e  accre tio n  from  a  critica l, iso therm al B onner E b e rt sphere  has a fa s t in itia l ra te , w hich 
slows w ith  tim e. M cL augh lin  an d  P u d ritz  (1997), showed th a t  in the  case of a  non  iso th e rm a l sphere  th e  
accretion  ra te  is d ep e n d en t on th e  eq u a tio n  of s ta te , b u t is slow a t  first an d  increases w ith  tim e , if the 
cen tral region is cooler th a n  th e  ou tside.
C learly  the re fo re  even in th e  absence of an  accu ra te  m odel for infall, w hich successfully  in c o rp o ra te s  
m agnetic  fields, a s tu d y  of th e  evo lu tion  of cloud cores tow ards the  onset of d y n am ica l co llapse will prove 
very im p o r ta n t,  an d  necessary  to  define th e  ap p ro p ria te  in itia l cond itions in fluencing th e  w ay in  w hich 
the fo rm a tio n  of a s ta r  occurs. In p a rtic u la r  it appears th a t  the  density  and  te m p e ra tu re  profiles will 
strongly  influence th e  m a n n e r  in which accretion  onto  a  p ro to s ta r  proceeds.
O bservations of p ro to s ta rs  have show n th a t  the  cen tra l accretion source becom es v isib le early  on in 
the far in fra red , a t  a tim e  w hen the overall lum inosity  of the  p ro to s ta rs  is s till d o m in a te d  by its  gaseous 
envelope. T h e  su b seq u en t evo lu tion  can be broken dow n in to  four d ifferent stages, o r 4 d ifferen t classes 
of YSO. C lass 0 sources are believed to  be a t th e  earlies t s tage of p ro to s te lla r  ev o lu tio n  (A ndre  e t al 
1993). T hese  C lass 0 sources are characterized  by very stro n g  su b m illim etre  co n tin u u m  em ission  from  
a m assive envelope, w hile on ly  hav ing  weak or even no de tec tab le  em ission sh o rtw ard s  o f 1 0  m icrons. 
T hey  are th o u g h t to  be ap p ro x im a te ly  104  years old an d  th e ir  high ra tio  o f su b m illim e tre  to  b o lo m e tric  
lum inosities suggest th e re  is m ore  m ass in th e ir  envelopes th a n  in the  cen tra l s te lla r  o b jec ts  (A ndre 
et al 1997). T hese  C lass 0 p ro to s ta rs  a lready  have b ip o la r outflow s, o ften  have s tro n g  rad io  em ission 
(p resum ably  linked to  the  accre tion  shock or the  outflow ) and  develop in  a re la tiv e ly  sh o r t tim escale  
to p ro to s ta rs  w hich have less th a n  h a lf  th e ir  m ass yet to  ac cu m u la te  (C lass I sources) an d  sign ifican tly  
longer life tim es (W ard -T h o m p so n  1996). T hese C lass I sources o rig ina lly  iden tified  by L ad a  (1987) em it 
in the n ea r-in frared , hav ing  rising  sp ec tra l energy d is trib u tio n s  from  2 /im  to  60 /m i. T h ey  have m o d e ra te
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subm illim etre  em ission  - th e  o rig ina l d em arca tio n  betw een C lass Os an d  C lass Is is th a t  th e  ra tio  o f 
bo lom etric  lu m in o sity  to  su b m illim e tre  lum inosity  should  be less th a n  200 for a  C lass 0 (A ndre  e t al
1993). T h e  C lass Is p ro to s ta rs  generally  also have weaker outflow s th a n  th e  class Os (A ndre  e t al 1997). 
On com pletion  of th e  accre tio n  o f th e  envelope these p ro to s ta rs  develop in to  T -T a u ri s ta rs  w hich accrete  
from  a disk only  an d  cool dow n th e  H ayashi tracks: C lass IIs rep resen t T -T a u ri s ta rs  w ith  a  d isk  (C lassical 
T -T au ri s ta rs)  and  are o b se rv a tio n a lly  associa ted  w ith  Y SO s w hich show  a flat o r falling  sp e c tra l energy 
index in th e  2/rm  to  60 f i m  ran g e  (L ad a  1987); C lass I l ls  rep resen t T -T a u ri s ta rs  w ith o u t a  d isk  an d  can 
be m odeled  as reddened  black bod ies (weak line T -T a u ri s ta rs).
1.7 T h e aim s o f  th is  thesis .
Before describ ing  the  aim s o f th is  thesis it is w orth  re ite ra tin g  for c la rity  tw o p o in ts  a lread y  discussed. 
F irs tly  ca ta logues o f cloud  cores are usua lly  m ade up of a reasonab ly  tig h tly  d is tr ib u te d  an d  s im ila r  set 
of ob jects , an d  each ca ta lo g u e  te n d s  to  have an associa ted  co lum n density , n u m b e r density , size an d  m ass 
which is typ ica l o f th e  cores ca ta lo g u ed . Secondly a  core can be th o u g h t o f as p res te lla r if it sa tisfies the 
following defin ition : a p re s te lla r  core is defined as the phase in w hich a g ra v ita tio n a lly  b o u n d  f ra g m en t 
has form ed in a m o lecu lar cloud  an d  is evolving to  progressively h igher degrees o f cen tra l co n d en sa tio n  
eventually  lead ing  to  th e  p ro to s te lla r  collapse. T h e  aim s of th is  thesis are tw ofold.
F irs t given th e  a lread y  know n differences in s ta r  fo rm atio n  ra te s  in d ifferent en v iro n m en ts , an d  w ith  a 
wide varie ty  of p ro p ertie s , c loud  cores shou ld  be selected in o rder to  in v estig a te  a m o n g st o th e r  th in g s  how 
the s ta r  fo rm a tio n  tim escale  is d ep en d en t on physical cond itions, especially  co lum n  d en sity  o f m a te r ia l. 
W ith  th e  ava ilab ility  o f su b m illim e tre  con tin u u m  and sp ec tra l line a rray s th e  a re a  of th e  sky m a p p ab le  
and size of survey possib le will increase sign ifican tly  so th a t  de ta iled  follow up  w ork is possib le.
T herefore in th e  first h a lf  I p resen t a  m e th o d  of finding s ta r  fo rm ing  cores using a fa r in fra red  d a ta  
base, th e  IR A S Sky S urvey A tla s . M ost surveys to  d a te  have s ta r te d  from  o p tica l p la tes  w hich in  general 
are lim ited  by coverage (o b scu ra tio n  is only clear near th e  g a lac tic  p lane), an d  d y n am ica l range  (the  
op tical d ep th  for A v >  4 reg ions ca n n o t be derived). Hence the  first h a lf  o f th is  thesis asks: are th e  cloud 
cores I ca ta lo g u e  fo rm ing  s ta rs , an d  if so how m any? W h a t are th e  ty p ica l physical co n d itio n s  of the  
ca ta logued  cores? T h e n  I co m p are  how the  fraction  of cores fo rm ing  s ta rs  an d  the  physical con d itio n s 
com pare w ith  o th e r  surveys.
T h e  second h a lf  o f th is  thesis  aim s to  s tu d y  a sm all selection  o f cores in su b m illim e tre  sp e c tra l lines in 
order to  investiga te  th e  follow ing: Are th e  density  profiles consisten t w ith  the  a m b ip o la r  diffusion m odels
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and the assu m p tio n  th a t  th ey  are indeed th e  pre d y n am ic  collapse s tag e  o f s ta r  fo rm a tio n ?  I f  so w hat 
are the physical ch a rac te ris tic s?  W h a t are the  density  profiles? A re the  cores iso th e rm a l?  Is th e re  any 
evidence of chem ical reac tio n s  or m o le cu le /d u st in te rac tio n s?  A nd finally  w h a t are  th e  im p lica tio n s  on 
the ex isting  theories o f s ta r  fo rm a tio n  if these cores represen t the  in itia l co n d itio n s of d y n am ica l co llapse 
and p ro to s ta r  fo rm a tio n ?
T h is  in tro d u c tio n  has  been brief. I t  is an a t te m p t to  review  th e  cu rren t u n d e rs ta n d in g  of s ta r  fo rm a­
tion, to  p resen t c ritica l a s su m p tio n s  w hich will be held th ro u g h o u t th e  thesis, an d  to  offer ju s tif ic a tio n  
for the w ork p resen ted . S everal issues raised  will be d iscussed m ore fully  a t  a p p ro p r ia te  areas in  the  
rem ainder o f th is  thesis.
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C hapter 2
Physics of S ta r  Form ation
2.1 In trodu ction
In the  in tro d u c tio n  ch a p te r  o f th is  thesis a  general review of s ta r  fo rm a tio n  was p resen ted , w ith  p a r tic u la r  
em phasis on the  aspec ts  w hich are p a rticu la rly  relevant to , and  m o tiv a te , the  w ork p resen ted  in th is  thesis. 
Several physical processes were d iscussed, an d  here I presen t a m ore d e ta iled  d iscussion  o f th e  physics 
which will be used la te r  in th e  thesis.
F irs t I d iscuss th e  physics describ ing  th e  p ro d u ctio n  and  tran sfe r o f ra d ia tio n  w ith in  th e  m o lecu lar 
clouds observed. T h is  has to  be u n d ers to o d  in o rder to  in te rp re t th e  ap p earan ce  o f the  clouds, an d  derive 
the ir physical p ro p ertie s .
Secondly I d iscuss several o f the key su p p o rt m echanism s. G enera lly  in describ ing  th e  in te rs te lla r  
m ed ium , th e  real density , velocity  an d  te m p e ra tu re  s tru c tu re s  ca n n o t be m odelled  in a  com prehensive  
way. However ce rta in  ro b u st p ro p ertie s  o f a  cloud, like physical tim e  scales, len g th  scales an d  m asses 
can be derived w hich enab le  one to  p red ic t th e  physical s ta te  (w hether it is in s ta b le  eq u ilib riu m , or 
g rav ita tio n a lly  u n stab le ) o f th e  cloud and  hence p red ic t its  fu tu re  evo lu tion . In p a r tic u la r  I will d iscuss 
pressure su p p o rt, th e  J e a n ’s C r ite r ia  for g ra v ita tio n a l s tab ility , m ag n e tic  su p p o rt, an d  th e  am b ip o la r  
diffusion velocities an d  tim e  scales.
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2.2 O b servin g  th e  ISM : R ad ia tive Transfer
2.2.1 T h e  E q u a t io n  o f R a d ia t iv e  T ran s fe r
C onsider a  b eam  of ra d ia tio n  a t  frequency u,  w ith  in tensity  I„, inc iden t on  a s lab  of gas of th ickness dx. 
If one defines, th e  f ra c tio n a l ab so rp tio n  per u n it m ass in the  slab  as k„, th e  em ission coefficient p er u n it 
length  e„, an d  the  em ission  coefficient per u n it m ass in the  slab  as j„ ,
I , I
t + d l ,
dx
then d l„  =  d x p [j„  — Iuk u]. By defining the  source function  in the  slab  as S„ =  jj,/« ;,, an d  th e  o p tica l 




— I„ +  S j,,
which on solving gives:




for the  em ergen t in te n s ity  from  a cloud w ith  no incident ra d ia tio n  upon  it.
T h u s if one know s S„ an d  tu along  a line of sigh t one can ca lcu la te  th e  in ten s ity  em erg en t along  th a t  
line of sigh t - ignoring  sc a tte r in g  in to  a line o f sigh t, which is valid  if l u is iso trop ic  w hen sc a tte r in g  in 
equals sc a tte r in g  o u t.
2.3 M olecu lar line R ad ia tive  Transfer
2.3.1 B r ig h tn e s s  a n d  R a d ia t io n  T e m p e r a tu r e s
A t su b m illim etre  an d  rad io  w aveleng ths it is o ften  s ta n d a rd  to  m easure  th e  in ten s ity  in d ifferen t u n its  - 
e ither the  B righ tness T e m p e ra tu re  T o  or the  R a d ia tio n  T em p era tu re  T r  such th a t ,
I„ =  B„ (T b ) (2.4)
where c is th e  speed  of lig h t, k is B o ltz m a n n ’s co n s tan t and  B„ (T ) is th e  b lack b o d y  fu n ctio n . For 
<C 1 (th e  R ayleigh  Je a n s  assu m p tio n ) then  T r  =  T r .
2.3.2 F re q u e n c ie s  of R o ta t io n a l  T ran s i t io n s .
R o ta tio n a l tra n s itio n s  of m olecu les m ore m assive th a n  Ho are im p o r ta n t in s tu d ies  o f dense an d  cool 
regions of the  ISM  because o f th e  low e x c ita tio n  energies needed to  excite  th e  m olecules o u t o f th e  ro ta ­
tional g round  s ta te . T hese energies are  typ ica lly  less th a n  the  k ine tic  energy of in d iv id u a l ER m olecules, 
even in the  coolest regions o f th e  ISM . R o ta tio n a l tran s itio n s  in com parison  te n d  to  on ly  be observed  in 
h o tte r gas or regions exposed to  a  s tro n g  u ltra v io le t rad ia tio n  field (M cC artn ey  1997).
For linear rig id  ro ta to rs  q u a n tu m  m echanics s ta te s  th a t
z . 2
E rot =  J ( J  +  1) i  2 W  ¿  =  h B J (J  +  1) (2-5)
where I is the  m o m e n t of in e r t ia  o f th e  ro ta to r , J  is th e  ro ta tio n a l e x c ita tio n  level, an d  B is th e  ro ta tio n a l 
constan t. For non rig id  ro ta to rs  I is n o t co n s tan t b u t increases w ith  increasing  J lead ing  to  h igher o rder 
corrections.
2.3.3 D ip o la r  T ra n s i t io n s .
If the ro ta to r  has an  e lectric  d ip o le  (arising  from  a  d isp lacem en t of th e  cen tre  o f charge an d  the re fo re  m ass 
of the p ro to n s, w ith  respec t to  the  cen tre of charge, and  likewise m ass, of the  e lec trons in th e  m olecule) 
then it can  m ake tra n s itio n s  betw een ex c ita tio n  levels by em ittin g  or abso rb in g  a p h o to n  b u t on ly  if it 
obeys the  selection  ru le dJ =  ± 1 . T h is  m eans th a t  one will get a p h o to n  w hich is e m itte d  if a ro ta to r
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m akes the  ra d ia tiv e  tra n s itio n  from  th e  J  +  1 level to  th e  J level o r ab so rb ed  if the  ro ta to r  m akes the  
rad ia tive  tran sfe r from  J to  J  +  1 w hich has frequency (in the  ro ta to rs  in e rtia l fram e)
S E
U ~  h
=  2 B { J  +  l)
As m en tio n ed  above, in  non  rig id  ro ta to rs  I is n o t co n s tan t b u t increases as J  increases lead ing  to  
higher o rder co rrec tions so th a t
i' =  2 B ( J + l ) - 4 D ( J  +  l ) 3  (2.6)
. w here D is a  lower o rder ro ta t io n a l co n s tan t.
2.3.4 T h e  E in s te in  p ro b a b i l i t ie s  fo r ra d ia t iv e  t ra n s i t io n s .
If the sp o n tan eo u s  tra n s itio n  ra te  from  u p p er level j to  lower level i is d en o ted  Aj; an d  th e  ab so rp tio n  
ra te  from  a ra d ia tio n  field o f m ean  in tensity , J„ , (which is o b ta in ed  from  averag ing  I„ over all d irec tio n s 
and should  be clearly  d iffe ren tia ted  from  th e  em ission coefficient per u n it m ass, j u , in tro d u c ed  earlier) is 
4 7 rJ„Bjj then  the  tra n s itio n  ra te  o f s tim u la te d  em ission of a p h o to n  is d ^ E B ^ .
O ne finds th a t
Aj, =  ( 8 7 Th^3 / c 2) B,j, (2.7)
By =  (g j/g i) Bji (2 .8 )
and th a t  the  sp o n tan eo u s  tra n s itio n  ra te  Aj¡ is re la ted  to  the  electric  d ipo le  m o m e n t, dj¡, (given by 
[Z\ +  Z 2)erj i  w here Zi is th e  a to m ic  num ber of the  first a to m , Zo the  a to m ic  nu m b er of th e  second, and  
r  is the  tim e  averaged  d isp lacem en t o f the  cen tre  of m ass of the  p ro to n s  w ith  respect to  th e  cen tre  of 
m ass of th e  e lec trons in th e  m olecule)
A* = 1 *  1 (2-9)
eg E m erson , (1996).
2.3.5 dru a n d  S„ f ro m  th e  E in s te in  Coefficients.
One can see th a t  if  N; an d  Nj are the nu m b er densities of th e  a to m  or m olecule in th e  e x c ita tio n  level i 
or j then:
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K„p =  (N,Bij -  N jBji) h v<f)u (2.10)
where th e  te rm  has been in tro d u c ed  to  represen t line b roaden ing  an d  w hich w hen in te g ra te d  over all 
frequencies shou ld  equal 1. Likewise
W  =  ^  (N jA jih z /)^  (2 . 1 1 )
which im plies th a t
dr^ =  d x (N jB i j  -  N jB j i J lm ^ , ,  (2 -1 2 )
and
S* =  (N1 S i _  \  = B ^ T ex) (2-13)
W  l J
where T ex is the  e x c ita tio n  te m p e ra tu re , an d  can be ca lcu la ted  from  th e  tw o p o p u la tio n  levels re levan t
to the tra n s itio n  from  eq u a tio n  2.15. T h e  degeneracy of level i has been d en o ted  by g,-, th e  degeneracy
of level j by gj .  T h e  eq u a tio n  o f ra d ia tiv e  tran sfe r becom es:
6 X (2.14)
/o
2.3.6 L ocal T h e r m o d y n a m ic  E q u i l ib r iu m
If in a s lab  the  level p o p u la tio n s  of the  m olecule or a to m  are described  by the  B o ltzm an n  d is tr ib u tio n  of 
te m p e ra tu re  T  then ,
N; o'; “ Eii
_T =  (2.15)
Ni gi V '
and
Sy =  B y ( T ) .  (2.16)
U sing th e  a lte rn a tiv e  fo rm  of B o ltz m a n n ’s equa tion
(2.17)
N U V ’
which in tro d u ces th e  n u m b er d en s ity  o f th e  m olecule N, and  the  p a r ti t io n  fu nction  U where;
U =  ^ g Je ^  (2.18)
J
one gets an  expression  for th e  o p tica l d ep th
dr„ = dxU N Bah^  / s  (219)
Hence in  LTE  if one know s N (x) and  T (x ) one can solve the  eq u a tio n  of ra d ia tiv e  tran sfe r.
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2.3.7 T h e  R a t e  E q u a t io n
If B o ltz m a n n ’s d is tr ib u tio n  does n o t describe the  p o p u la tio n s th en  one has to  use th e  ra te  eq u a tio n  to  
ca lcu late  th e  level p o p u la tio n s :
! T  =  - Ni E S i .  +  I > £ R W (2 -2 0 )
k,y k y
where R jk is the  ra te  o f tr a n s itio n  from  level j to  level k v ia  the  m echan ism  y, an d  R kj is th e  ra te  of 
tran s itio n s  in to  level j from  th e  level k v ia  th e  m echanism  y (b o th  these te rm s  have u n its  o f s _ 1  an d  in 
general will include ra d ia tiv e  an d  co llisional tran s itio n s) . T h e  left h an d  side of th e  eq u a tio n  is th e  ra te  
of change o f th e  p o p u la tio n  level j .  T h e  first te rm  on th e  righ t h an d  side is the  n u m b er of tr a n s itio n s  o u t 
of j and  the  second te rm  on  th e  rig h t h an d  side is the  num ber of tra n s itio n s  in to  j.
For a gas w here th e  tra n s itio n s  are  e ith er d ip o la r rad ia tiv e  or due to  collisions w ith  H 2 ,
- Nj E Rjl< =  - NJ ( Ai-t-j-1 +  47rJ„i_+j_ 1B j_ ). j _ 1 +  Nh2 2̂ Cjk J (2.21)
k,y V k /
and
E  N * E  R kj =  +  n H; E  NxGkJ. ( 2 -2 2 )
k y k
where Cjk is the  average tra n s itio n  ra te  o f the  m olecule from  th e  the  level j to  th e  level k due to  a collision 
w ith an Ho m olecule. O ne can  see th a t  p o p u la tio n  levels are d ep en d en t on th e  ra d ia tio n  field an d  an 
ite ra tive  p rocedu re  has to  be used in o rder to  find a  consisten t so lu tio n  for level p o p u la tio n s  an d  the 
rad ia tio n  field.
2.4 T h e  Jean s  M ass and Free Fall T im esca le .
A critica l fac to r w hich will influence w hether the  cores observed in m o lecu lar clouds will go on to  form  
sta rs  is w h eth er th ey  are g ra v ita tio n a lly  bound . T h e  Jeans m ass gives a  m ass a t  w hich a  cloud  is expected  
to be in eq u ilib riu m . T h e  Je a n s  a rg u m e n t essentially  com pares the  pressure su p p o r t o f a  cloud  w ith  its 
self g ravity . If a cloud  or core is below the  Jean s  m ass it is d o m in a te d  by pressu re  forces an d  is p ro b ab ly  
ju s t a  m a n ife s ta tio n  of ra n d o m  pressure fluc tua tions in the  ISM . If  it is a t th e  Je an s  m ass th e  core is 
in or close to  h y d ro s ta tic  eq u ilib riu m . If  its m ass is well above the  Jean s m ass th e  core is e ith e r free to  
collapse u n res tra in ed  by th e rm a l pressure forces or being su p p o rted  by som e o th e r  m echan ism .
D eriva tion  of th e  Je an s  m ass s ta r ts  w ith  the  basic fluid equations;
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dp
—  +  V - ( / w ) = 0 ,  (2.23)
D v  V p
_  +  v  =  _ V $ ,  (2.24)
V - $  =  4wGp,  (2.25)
which are th e  co n tin u ity  e q u a tio n , N ew to n ’s I ln d  law and  P o isso n ’s eq u a tio n  respectively , p is the  
volum e density , v  is th e  flu id  velocity, p is th e  pressure, and  $ 0  is the  g ra v ita tio n a l p o te n tia l. Jean s 
(1902 )sta rted  by considering  a  fluid w ith  zero velocity and  co n s tan t density . In o rd er to  s im plify  the  
ca lcu la tion  iso th e rm a lity  is assum ed  so th a t  p =  p(p) and  the fluid is in itia lly  described  by po,  Po, tho- If
this fluid is th en  p e r tu rb e d  to  a  s ta te , po +  Pi,  Po +  P i, t>i, $o  +  $ i ,  th en  to  first o rder,
<9P0 DONP. =  W (2.26)
and N ew tons second law  can  be expressed as,
w+I H £ ) - v<f‘’ (2-27)
T aking  th e  g rad  o f th is  eq u a tio n  and  then  e lim in a tin g  the g rav ita tio n a l p o te n tia l by using  P o isso n ’s
equa tion  an d  the  V  ■ v \  te rm  by using the  co n tin u ity  equa tion  then  one gets th e  wave eq u a tio n ,
d 2 pi  <9po 2 ( p i \  pi
 —  V - —  =47rG /9 0  — ■ 2.28
a t - p 0 dpo \ p o )  Po
T his has a  so lu tio n
P i  K e - i(„ t- fe -r )  ( 2  29)
Po
ifw 2  =  k 2 — 47rGpo- T h e  p e r tu rb a tio n  in equa tion  2.29 takes the  form  of a sound  w ave if k =  2tt/A
is large and
3s)kS- (2-3o)
If k is sm a ll th en
u> ~  \ \f4.nGpQ (2-31)
and the  so lu tio n  is s im ila r to  th e  exp o n en tia l g row th  of a  p e r tu rb a tio n  w hich occurs w hen th e  pressure 
is zero, on a  tim e  scale t j j  =  l / ^ /A i tGpa .  B ecause th is  is th e  tim e scale for co llapse o f an  u n su p p o rted  
cloud it is know n as th e  free fall tim e  scale.
T h e  value of A w hich se p a ra te s  th e  two s itu a tio n s  is know n as the  Je an s  L eng th , Aj ,  g iven by,
A, =  c , / ^  (2.32)
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which using  th e  eq u a tio n  for th e  iso th erm al sound  speed, c =  s / V f J J i  w here T  is th e  th e rm a l te m p e ra tu re  
of the gas, k is B o ltzm an n s  c o n s ta n t and  fi is th e  average m olecu lar m ass, can  be w ritte n
/ ?rkT
* ■ 1 ^  (2-33>
T he expression for th e  Je a n s  m ass, can be derived by assum ing  a sphere of c o n s ta n t density , an d  of rad iu s  
Aj so th a t  igno ring  n u m erica l co n s tan ts  one finds,
/  7r k T  \  3 /2  1
M j =  (  g t t J  w  (2 '34)
I t w ould be useful if th is  eq u a tio n  could be p u t in to  a fo rm  w hich expresses th e  Je a n s  m ass in  te rm s
of the  m easu red  values for a core. T yp ically  these are to ta l m ass M, d is tan ce  D, solid  angle f2, and
te m p e ra tu re  T .
A ssum ing  the  core is ro ugh ly  spherical and  of un iform  density  then;
4 7T
M ~  y p r 3 (2.35)
and
r(A u) ~  (2.36)
E q u a tio n  2.34 can  the re fo re  be reorganised  in te rm s of the  m easured  p ro p ertie s  to  give,
. ,  , 0 .002 x D (p c ) 3 / 2 i2(square a rcm in s ) 3 / 4  (  T  \ 3/2
M j(M ° >  M ( M ^  \ 2 5 K /  ■ (2 '37)
T h e  ra tio  o f M to  M j can  also  be ca lcu la ted
M 500 x M (M 0 )3/-
M j D (p c ) 3 / 2 f i(sq u are  a rcm in s ) 3 / 4
(2.38)
2.5 M a g n etic  F lu x  Freezing
In the  in tro d u c tio n  I d iscussed th e  fac t th a t  the m agnetic  field is frozen in to  th e  m o lecu lar clouds so th a t  
the m ag n e tic  fields com ove w ith  th e  ionic com ponen t in the  cloud. I p resen t here a  s im ple  d e riv a tio n . A 
m ore co m p lica ted  an d  th o ro u g h  tre a tm e n t is given in M ouschovias (1991)
F irs t recall th e  3 M axwell equa tions ,
/  c)E \
V x B = /i0 i i  + £°~dtj ’ (2-39)
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_  „  d B
V x E  = ~ ~ d t '  (2 '4 °)
V - B  =  0, (2.41)
and O hm s law,
3 =  tjE ,  (2.42)
where B  is th e  m a g n e tic  field, E  is the  electric field, j  is the  cu rren t flow, an d  77 is th e  c o n d u c tiv ity  of 
the m ed ium .
If th e  e lec trons an d  ions a rran g e  them selves to  se t up  charge n e u tra lity  n;ze =  nee, w hich suppresses
high frequency  p la sm a  p h en o m en a  like the  d isp lacem en t cu rren t (M ouschovias 1991), th e n  th e  first of
the M axw ells eq u a tio n s  q u o ted  can  be w ritte n ,
V  x B  = /j.0riE (2-43)
and tak in g  th e  curl o f th is  eq u a tio n  one can  show  th a t
d B  V 2 J3
(2.44)
d t  hqT)
T his is a diffusion eq u a tio n  for B  and  the  typ ica l tim escale for the  process can  be e s tim a te d  by ap p ro x i­
m ating  th e  eq u a tio n  to
B  B
(2.45)
t d i f  o ^ L ~
where L is th e  ty p ica l len g th  scale over w hich B  varies so th a t
tdif ~  L 2 p 0 7?- (2.46)
If th is tim e scale is very m uch  longer th a n  o th e r tim e scales of im p o rta n ce  in the  ev o lu tio n  of th e  ISM  
one can  consider th e  m a g n e tic  field to  be frozen in to  the  ionic com ponen t.
2.6 C o n d u ctiv ity  o f  th e  ISM
In order to  ca lcu la te  th e  c o n d u c tiv ity  of the ISM , one can  consider the  flow of elec trons an d  ions w ith in  
a  p a rtia lly  ionised gas w ith  an  e lec tro s ta tic  force. In th is case the  e lec tro s ta tic  force on each elec tron  is 
balanced by collisions, so th a t
eE  =  m W  =  m X ^ V  
r  1
where V is th e  m ean  d rift velocity  of th e  electrons, m e is the  e lectron  m ass, V rms is th e  ro o t m ean  sq u a re  
velocity of th e  e lec trons an d  r  and  I are the  m ean  tim e, and  leng th  (m ean  free p a th )  betw een  collisions
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respectively. O ne can  also use O hm s law
j =  r]E =  NeeV (2.48)
where Ne is th e  n u m b er d en s ity  of electrons. O n rea rrang ing , these tw o e q u a tio n s  give an  expression  for 
the conductiv ity ,
Nee2l
77 = — v—  (2-40)lLle v rms
T he m ean  free p a th  can  be d escribed  in te rm s  of the  num ber density  N an d  co llisional cross section  <tc 
of the  im p ed in g  partic les;
1 =  < 2 - 5 0 >
If  m o st o f th e  collisions are betw een  electrons and n eu tra ls  then  the  cross section  used is a p p ro x im a te ly
the B ohr cross section , so th a t  a c ~  10~ 1 6  c m - 2 . If m ost o f th e  collisions are du e  to  s c a tte r in g  o f electrons
off ionised hydrogen  nuclei th e n  R u th erfo rd  sc a tte rin g  gives an a p p ro x im a te  cross section
(2.51)
(m e V 2ms47re0)
F inally  using th e  eq u a tio n  for the  ro o t m ean  square  velocity  of a  partic le ,
v ~ = ( £ f  <»*>
one can c o n s tru c t expressions for the  conductiv ity . M ouschovias (1991) show s th a t  for w eakly ionized 
gases w ith  n u m b er densitie s  g re a te r  th a n  1 0 4 c m ~ 3, ie dense cloud env iro n m en ts , th e  resis tan ce  is d o m i­
nated  by the  e lec tro n -n e u tra l collisions.
2.7 A m b ip o lar  D iffusion
T he section  on flux freezing show ed th a t  the  m agnetic  field was frozen in to  th e  ion ized  co m p o n en t o f 
an in te rs te lla r  cloud . H ow ever th e  n eu tra l com ponen t is n o t d irec tly  su p p o rte d  by th e  m a g n e tic  field; it 
experiences a  g ra v ita tio n a l force w hich is balanced  by collisions w ith  th e  ionized p artic le s  su p p o rte d  by 
the m ag n e tic  field. T h is  leads to  a d rift of the  n eu tra l partic les w ith  respect to  the  ionized p artic le s  an d  
a loss o f m ag n e tic  flux, w idely referred  to  as am b ip o la r diffusion.
If one eq u a tes  these  two te rm s  then
F  — m ng — m n V a d  ni<xcVrms i (2.53)
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where g is th e  local g ra v ita tio n a l force, V ad  is the  io n -n eu tra l d rift velocity  an d  m n is th e  m ean  n e u tra l 
partic le  m ass. I t is w orth  rem em b erin g  a t th is  s tage  th a t  th e  n eu tra ls  m ay  feel m ore th a n  ju s t  a  g ra v ita ­
tional force, if  th e  cloud  is n o t isobaric  for exam ple , it m ay  experience a  force due to  pressu re  g rad ien ts . 
T herefore I w rite  th e  expression  for th e  am b ip o la r  diffusion velocity in its  m o st general fo rm ,
V ad  • (2.54)
iii u c v rms
If the forcing  te rm  is pu re ly  g ra v ita tio n a l th en  a typ ica l tim e scale arises for a m b ip o la r  d iffusion, the  
g rav ita tio n a l p o te n tia l g is ap p ro x im a te ly  given by
g ~  ~  G pR  (2.55)
where R  is th e  rad iu s  of the  cloud , M its  m ass and  p its m ass density . U sing th e  expression  M nn; ~  XiP
which in tro d u ces th e  io n iza tio n  frac tio n , x\ th en  one can  express th e  a m b ip o la r  diffusion tim e  scale t a d >
R  Xi^cVrms / 0
tA D  =  77---------------77- ( 2 -5 6 )
V a d  G m n
In a d d itio n  to  n e u tra l- io n  d rifts , one can  also find n eu tra l-d u s t d riftin g , due to  th e  d u s t g ra in s  th e m ­
selves being  charged . C ioleck an d  M ouschovias (1996), have s tud ied  th is  p ro b lem  an d  find th a t  th e  d u s t 
g rains sm alle r th a n  ~  1 0 _5cm  in rad iu s  can  suffer a d rop  in ab u n d an ce  o f u p to  a  fac to r o f 1 0  d u rin g  
am b ip o la r diffusion.
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C hapter 3
Cloud Cores and  S tar  F o rm ation
3.1 In trod u ction
As discussed in c h a p te r  1, s ta rs  form  from  the  densest regions of the  in te rs te lla r  m ed iu m . G iven th e  s tro n g  
dépendance of s ta r  fo rm a tio n  on env ironm en t, in p a rtic u la r  co lum n density  an d  n u m b er d ensity  (M cK ee 
1989, M ouschovias 1991) an d  given the  developm ents in m illim etre  and  su b m illim etre  in s tru m e n ta tio n , 
as wide a  range  o f cloud  cores shou ld  and  can be investiga ted  for evidence of s ta r  fo rm a tio n . T h e  a im  
of th is  ch a p te r  is to  p ro d u ce  a sam p le  of cloud cores significantly  different from  those  s tu d ie d  a lread y  by 
others eg. M yers e t al (1983) who sam p led  G ian t M olecular C loud cores o r G M C  cores, o r C lem ens an d  
B arvain is (1988), an d  B ourke e t al (1995) b o th  of w hom  stud ied  Bok G lobules. I the re fo re  p resen t here 
a s tu d y  of th e  physical p ro p e rtie s  of cloud cores w ith in  high G alac tic  la titu d e  clouds, so th a t  a  d e ta iled  
com parison  m ay be m ad e  betw een  s ta r  fo rm a tio n  in the m any  different types o f clouds.
T h e  densest reg ions in clouds can  usefully be ca ta logued  as a set o f cores. I p resen t a sam p le  d raw n  
from  re la tive ly  h igh  G a la c tic  la t i tu d e  clouds, w ith  generally  lower o p tica l d ep th  an d  d en s ity  th a n  p re­
viously s tu d ied  G M C s an d  Bok G lobules. I t  is found th a t  th e  cores co n ta in  a su rp lu s  n u m b e r of IRA S 
poin t sources, w ith  respect to  w h a t one w ould expect purely  from  chance a lig n m en ts , an d  th a t  these 
excess sources are co n s is ten t w ith  being Y oung S te lla r O b jec ts- ie. som e o f th e  cores have a lread y  begun 
to  form  s ta rs  an d  are  in th e  p ro to s te lla r  stage. T h e  fraction  of the  cores in th e  p ro to s te lla r  s tag e , is a 
key co n s tra in t on s ta r  fo rm a tio n  m odels because it gives an e s tim a te  of the  p re s te lla r  tim esca le , before 
the fo rm a tio n  of a  h y d ro s ta tic a lly  su p p o rted  ste lla r ob jec t. T h ere  are m an y  o b se rv a tio n a l in d ic a to rs  
of a  p ro to s te lla r  c a n d id a te ; sign ifican t p o in t source far in frared  em ission, rad io  co n tin u u m  em ission , or
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outflows. H ow ever given th a t  th e  only  com plete all sky survey availab le to  iden tify  p ro to s ta rs  is th e  IR A S 
Po in t Source C a ta lo g u e , th e  frac tio n  of cloud cores w ith  IRA S p o in t sources is used in a  co m p ariso n  of 
the s ta r  fo rm a tio n  in d ifferen t se ts o f cloud cores.
3.1.1 T h e  F a r  In f r a r e d  Sky
T he In fra red  A stro n o m ica l S a te llite  (IR A S) flew in 1983 and  surveyed a lm o st th e  en tire  sky a t  th e  far 
in frared  w aveleng ths of 12/um, 25 ^m , 60yum an d  100pm . T h e  sa te llite  scanned  across th e  sky an d  was 
o rig inally  designed  to  ca ta lo g u e  p o in t sources. S ubsequent w ork has p roduced  5 m a jo r  as tro n o m ica l 
d a ta  sets : th e  P o in t Source C a ta lo g  (B eichm an et al 1988); the  F a in t Source C a ta lo g ; th e  S m all Scale 
S tru c tu re  C a ta lo g ; th e  IR A S Sky Survey A tlas (W heelock et al 1994) an d  the  H igh R e so lu tio n  G alax y  
A tlas (C ao  e t al 1997), all o f w hich co n ta in  valuab le  in fo rm atio n  for s tu d ies  of s ta r  fo rm a tio n . T h e  
survey is useful in s tu d y in g  s ta r  fo rm a tio n  because it b o th  identifies p ro to s ta rs , and  m a p s  th e  In te rs te lla r  
M edium .
Y oung S te lla r  O b jec ts , an d  p ro to s ta rs , are  deeply em bedded  in the  ISM , and  can  the re fo re  be seen 
only a t  long w avelengths. In  a d d itio n  they  have significant am o u n ts  of d u s t in envelopes an d  disks w hich 
em it a grey  bo d y  sp e c tru m  p eak in g  a t these w avelengths. T h e  W ien d isp lacem en t law  i> — 3 k T /h  (k is 
the B o ltzm an n  co n s ta n t, h is the  P lanck  co n s tan t and  T  is the  te m p e ra tu re )  gives th e  b lack  bo d y  peak. 
T his gives an  expression  for th e  w avelength  (A) a t which the  disks and  envelopes p referen tia lly  em it
, 5000 ,
A(Aim) ~  T ( K ) '  ̂ ^
T h e  In te r  S te lla r  M edium  also con ta in s d u s t, and  the  high sp a tia l coverage of th e  survey, th e  high 
d ynam ic ran g e  (due to  it being  a w ideband  co n tin u u m  survey, b u t th e  d u s t being  o p tic a lly  th in ) , and  
the reso lu tion  o f th e  survey, m eans th a t  the surface b righ tness im ages co n ta in  a  w ealth  of in fo rm a tio n  on 
G alactic  clouds.
T h e  ISSA  is an all-sky survey  of the  ex tended  in frared  surface b righ tness, c rea ted  by sa m p lin g  the 
signal from  each receiver a t  reg u la r sp a tia l in tervals. T h e  early  Sky F lu x  Im ages suffered from  p rob lem s 
of s tr ip in g  in  th e  d irec tio n  of th e  telescope scan due to  d ifferent d e tec to r  responsiv itie s. T h e  ISSA has 
im proved th e  cross-scan noise to  a  sim ila r level to  the  in-scan noise by im p lem en tin g  b o th  a g lobal and  
a local d e -s trip in g  a lg o rith m . T h ere  is a  considerab le am o u n t of real em ission a t all w aveleng ths du e  to  
ex tended  zod iacal d u s t em ission  w hich was su b tra c te d  from  the  ISSA im ages in o rd er to  p ro d u ce  an  a tla s  
of the sky as w ould be seen from  ou tside  the solar system . R esidual zod iacal em ission , du e  to  erro rs in 
the su b tra c tio n  m odel, is w orst a t sh o rte r w avelengths an d  low eclip tic la titu d e s . In general th e  sa te llite
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F ig u re  3.1: H is to g ram s o f th e  s ta n d a rd  d ev ia tion  of pixel values for th e  tw o sam p le  fields.
scanned each a re a  o f sky 3 or m ore  tim es a t  significant tim e  in tervals  ie weeks an d  m o n th s  a p a r t,  and  
therefore from  sign ifican tly  d ifferen t positions in the solar system . Each such scan  was know n as an  H ours 
C O N firm ed (H C O N ) o bserva tion .
T h ere  is s ign ifican t ex ten d ed  G alac tic  em ission (due to  th e  so-called c irru s  clouds) w hich confuses 
em ission from  in d iv id u a l s ta r-fo rm in g  regions. A n a rb itra ry  offset in all fields is a re m n a n t o f th e  ca li­
b ra tion . T h e  accuracy  of th e  ISSA  survey  can be investiga ted  by ex am in in g  th e  s c a tte r  in p ixel values 
betw een H C O N S, an d  th e  average value o f th e  s ta n d a rd  d ev ia tion  gives an  e s tim a te  of th e  to ta l  e rro r 
associa ted  w ith  th e  c a lib ra tio n  process. An exam ple  of the  d is trib u tio n  of s ta n d a rd  d ev ia tio n s  for two 
fields is show n in F ig u re  3.1. C o ad d ed  im ages will be less noisy by a  fac to r ~  l / \ / N o .  o f H C O N S
T h e ISSA  is ex trem ely  useful as an  a tla s  o f s ta r  fo rm ing  regions in the  G alaxy , du e  to  th e  com ple te  
coverage o f th e  sky, th e  d y n am ica l range, th e  reso lu tion  of the survey an d  th e  n u m b er o f w avelengths 
covered.
A single w aveleng th  an a ly sis  w hich assum es th a t  the  o p tica l d ep th  is p ro p o rtio n a l to  th e  in ten sity
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is lim ited  an d  so th e  m e th o d  p resen ted  below takes im ages a t  two w avelengths in o rd er to  e s tim a te  
te m p e ra tu re  an d  d u s t o p tica l d ep th s .
3.2 O p tica l D e p th  M aps o f  C louds
T he S ta rlin k  d a ta  red u c tio n  package IR A S90 includes a ro u tin e  (C O L T E M P ) w hich crea te s  co lour te m ­
p e ra tu re  an d  o p tic a l d ep th  m a p s  from  IRA S Sky Survey m aps. T h e  m e th o d  used is as follow s (see 
IRA S90 e x p la n a to ry  d o cu m en t ID 29.0  by D avid  B erry).
T h e  fa r in fra red  ra d ia tio n  em itte d  by a cloud of te m p e ra tu re  T  e m ittin g  a b lack b o d y  sp e c tru m , 
B(//, T ) d r u an d  ab so rb in g  l(u,  T )d r„ ,  a t an o p tica l d ep th  r„ in the  cloud, leads to  a flux received by an 
observer f(i/, T ) given by:
f ( i / , T ) =  ( l - e - r ' ) B ( i / , T ) .  (3.2)
G enera lly  ru is d ep e n d en t on v  in such a way th a t  (H ildebrand  1983),
w here /? is th e  em issiv ity  index , and  for w avelengths less th a n  300/rm  is tak en  to  be less th a n  1 (see 
H ildeb rand  1983). C h an g in g  th e  value of ¡3 does no t change the  s tru c tu re  of th e  o p tica l d e p th  m ap s, b u t 
will a lte r  th e  final derived  o p tic a l d ep th s. However the  m a in  effect th is  w ould have in th is  w ork w ould  be 
to change th e  derived  frac tio n  o f d u s t observed a t  th e  IR A S w avelengths. I t  is a lm o st ce rta in ly  tru e  th a t  
the value o f ¡3 an d  th e  fra c tio n  of d u s t observed a t the  IR A S w avelengths varies from  cloud  to  cloud . A 
deta iled  s tu d y  of th is  b eh a v io u r is beyond  the  scope of th is  work, and  w ould requ ire  a d d itio n a l m o lecu lar 
and far in fra red  m a p s  of th e  clouds presen ted . T h ro u g h o u t th is  w ork we use the  value suggested  by 
H ildeb rand  (1983) o f /? =  I. I t  should  be em phasised  however th a t  the  values do give resu lts  consis ten t 
w ith  s tu d ies  o f L1457 (see W ood et al 1994) an d  L1689B (see la te r) . uc is the  c ritica l frequency  a t  w hich 
the cloud  becom es op aq u e  ie. r„c =  1. E q u a tio n s 3.2 an d  3.3 lead to  a  ‘g re y b o d y ’ sp e c tru m .
D ra ine an d  Lee (1984) e s tim a te  Ti0 0  ~  3.6 x 1CT2 5 N H w here NH is the  hydrogen  co lu m n  d en sity  - 
as no ted  by W ood e t al (1994) th is  m eans th a t  rioo =  1 only for N h >  2.7 x 102 4 c m - 2 , a  value well 
above even g a lac tic  p lane values. F u rth e rm o re  the h ighest value found in th is  s tu d y  tu rn s  o u t to  be 
rioo ~  1 0 - 3 . I the re fo re  assum e th a t  the  cloud is op tically  th in  a t th e  w avelengths observed  (r„  <  1 ) so
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th a t 1 -  e Tu ~  r„  and ,
f ( i / , T ) ~ ( - )  B (i/,T ) . (3.4)
T h e  IR A S  d e tec to rs  w ere sensitive over a  w ide pass b an d  an d  th e re  were 4 se p a ra te  w avebands 
( i = l ,2,3,4 for 12,25,60 an d  100 //m ) so th a t  th e  m easured  flux in w aveband i will be
fi =  J R i(i')  B ( i/,T )d .v (3.5)
where Ri(z') is th e  sp e c tra l response curve for th e  w aveband  i receiver (see B e ichm an  1988).
By ta k in g  th e  ra tio  of in ten sitie s  a t tw o w avebands i and  j ,  and  using  eq u a tio n  3.5, one derives
fi _  f  R i ( i / ) i /B ( i / ,T )d i /  
fj ~  /  R j M ^ B ^ . T J d j /
(3.6)
T h is  value is d ep e n d en t on T , /? and  th e  response curves, o f the  receivers. A ssum ing  a  value o f ¡3 
and using  th e  lis ted  response curves in the  IR A S E x p la n a to ry  S u p p lem en t (B eichm an e t al 1988) one 
can ta b u la te  fj/fj versus T . A function  g iv ing T  as a function  of fl/fj can  be c rea ted  by f ittin g  a sp line 
to th e  ta b u la te d  values. For any  observa tions of a  cloud a t 2 w avelengths one can  th e n  e s tim a te  the  
te m p e ra tu re  and  ca lcu la te  th e  c ritica l frequency a t which tv<. =  1 ,
g J  R ,(i/)i/^B (i/, T ) d u
_ I  ’
K  =  ”-—— —    ■ (3.7)
Using th is  one can  ca lcu la te  th e  o p tica l d ep th  of the  cloud a t an o th er w avelength  by using  eq u a tio n  3.3 
(for w avelengths over w hich th e  grey body  sp e c tru m  exists).
T h e  IR A S90 ro u tin e  C o ltem p  orig ina lly  deals only w ith  te m p e ra tu re s  above 30I< ( D avid  B erry  p er­
sonal co m m u n ic a tio n ). H ow ever W ood e t al (1994) found th a t  the  resu ltin g  in ferred  o p tica l d ep th s  for 
clouds w ith  T  less th a n  30K co rre la te  accu ra te ly  w ith  op tically  th in  m o lecu lar em ission an d  therefore 
w ith  the  tru e  s tru c tu re  of th e  clouds (see th e ir  fig lb) .  T hey  fu rth e r  suggested  th a t  th e  reason  w hy the 
survey trac ed  th e  real s tru c tu re  so well, even though  the  clouds are very cool, is because the  em ission 
is due to  a sm a ll fra c tio n  of th e  d u s t, which is a t a  consisten tly  h igher te m p e ra tu re  th a n  th e  rest o f the 
dust, an d  c o n s titu te s  a m ass frac tio n  of the  ISM  ~  1/2000. I therefore a lte red  C o ltem p  to allow  a  range 
of te m p e ra tu re s  from  10 to  10000K to  be hand led .
T h is  m e th o d  uses ab so lu te  fluxes and  as discussed earlier the  ISSA im ages have sy s te m a tic  offsets 
from  th e  ab so lu te  fluxes. H ow ever the  d ifferen tia l p h o to m e try  is well co n s tra in ed . By iden tify ing  areas
45
of ‘b a c k g ro u n d ’ in  th e  im ages w hich co n ta in  lit tle  or no em ission from  th e  clouds one can  e s tim a te  th e  
surface b rig h tn ess  of clouds by ta k in g  the difference betw een the  c lo u d ’s an d  th e  b a c k g ro u n d ’s in tensity . 
T he techn ique used is d escribed  below
3.2.1 F in d in g  a  S u i ta b le  B a c k g ro u n d
As discussed above th e  ab so lu te  ca lib ra tio n  of the  ISSA survey is poo rly  defined. T h is  is m o st read ily  
ap p a ren t w hen one realises th a t  several o f th e  ISSA p la tes  have large regions o f n ega tive  su rface  b righ tness. 
T he e x p la n a to ry  su p p le m e n t to  the  ISSA (W heelock et al 1994) exp la in s th a t  th is  u n c e r ta in ty  in th e  
abso lu te  zero p o in t is d o m in a te d  a t  12 and  25/rm  by u n ce rta in ties  in th e  zod iacal em ission  m odel, an d  
a t 60 an d  100/rm  by im p erfec t know ledge o f the  d e tec to r offsets. All b an d s  are affected to  som e ex ten t 
by b o th  o f these e rro r sources. T h e  60 an d  100pm  in tensities over the  w hole sky have been co m p ared  
to C O B E ’s D IR B E  ex p e rim en t, w hich surveyed the  sky a t  th e  sam e w avelengths b u t w ith  lower an g u la r  
reso lu tion  (W heelock e t al 1994). I t was found th a t  there was b o th  a D C offset (a  sy s te m a tic  d iscrepancy) 
betw een th e  two sa te lli te s ’ c a lib ra tio n  and  an AC discrepancy  (ie a  non sy s tem a tic  d isc repancy  w hich 
varied from  p o sitio n  to  p o sitio n ) in th e  ca lib ra tio n  of the  sa te llite s ’ receivers. B ecause th e  D IR B E  
sa te llite ’s p h o to m e try  was ab so lu te ly  ca lib ra ted  (as opposed to  d ifferen tia lly ) the  d isc rep an cy  betw een  
the two is m o st likely to  be due to  errors in th e  IRA S ca lib ra tion .
I t is well know n th a t  th e re  is ex tended  em ission th ro u g h o u t the  sky a t fa r-in frared  w aveleng ths due 
to the  G a la c tic  c irru s . T h is  has  been well s tu d ied  by Bazell an d  D esert (1988) an d  G a u tie r  e t al (1992), 
and the  lim its  th is  em ission p u ts  on fa in t e x tra  g alac tic  w ork is well u n d ers to o d . E m ission  from  the  
cirrus ex ists  in a lm o st every d irec tio n , d im in ish ing  w ith  g alac tic  la titu d e . T h e  te m p e ra tu re  of th e  clouds 
are th o u g h t to  be ap p ro x im a te ly  30K, they  are no t g rav ita tio n a lly  bou n d  an d  p ro b ab ly  co n ta in  b o th  
m olecu lar an d  a to m ic  m a te r ia l(T u rn e r  1996). B ecause th is  em ission is very diffuse an d  w idespread , any 
background  a re a  w ill c o n ta in  c irru s  em ission.
In general, a s tro n o m ica l d a t a  se ts are reduced in a two step  process, th e  im ages are first fla t fielded 
and th e n  back g ro u n d ed . A n exam ple  of such a p rocedure for the  ISSA p la tes  is p resen ted  in P enp rase  
and H elou (1994). T h e  im ages were flat fielded by assum ing  th a t  each q u a d ra n t co n ta in e d  a su itab le  
background  area . A lth o u g h  th is  is a reasonab le  assu m p tio n  to  m ake a t  high G ala c tic  la ti tu d e s  it is 
p robab le  a t  low G ala c tic  la t i tu d e  th a t  a p la te  q u a d ra n t can be en tire ly  filled by a cloud com plex . It 
is im p o r ta n t  th a t  one does n o t a rb itra rily  assum e th a t  any p a r tic u la r  region co n ta in s  a  backg round . 
No a t te m p t here is m ade  to  fla t field, it is assum ed th a t  the  d es trip in g  a lg o rith m s p ro d u ce  a su ita b ly  
flatfielded im age over each p la te . However th e  existence of a  su itab ly  close backg round  region will p u t
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co n s tra in ts  on w hich fields can  be ana lysed  an d  will also give an  in d ica tio n  of w hen c loud-c loud  confusion  
becom es sign ifican t.
For o p tica l im ages B eard  e t al (1990) showed how h is to g ram s of pixels in ten sities  co n ta in  v a luab le  
in fo rm atio n  a b o u t th e  back g ro u n d . In re la tive ly  em p ty  areas the  h is to g ra m  takes th e  fo rm  of a single 
G aussian  p eak  an d  in reg ions densely  p o p u la ted  w ith  real sources several fu rth e r  peaks a p p e a r  in  the  
h is to g ram  a t  h igher in ten sities . A sim ila r m e th o d  is used here for th e  ISSA p la tes .
I developed  an  a lg o rith m  to  iden tify  the  large-scale low in ten sity  s tru c tu re  of th e  ISSA. P ixel his­
tog ram s o f all th e  ISSA  fields were co n stru c ted  by b inn ing  the  pixels in each ISSA field in to  h is to g ra m s 
of surface in tensity . T h e  h is to g ra m s con ta ined  e ither all the  pixels in th e  field, or on ly  th e  low est 5 or 
lO M Jy /S r regions o f surface b rig h tn ess  if th e  im age show ed a large range in su rface  b righ tness. E x am p les 
of these are given in  F ig u re  3.2. O n e x a m in a tio n  it was found  th a t  som e field ’s p ixel h is to g ra m s co n ta in ed  
a single p eak , som e co n ta in e d  doub le  or m u ltip le  peaks and  som e had  m uch m ore co m p lica ted  s tru c tu re s . 
By using the  F igaro  E M L T  ro u tin e  (which is designed to  pick o u t G auss ian  em ission lines in  as tro n o m ica l 
spectra) all the  fields were searched  to  iden tify  w hether its h is to g ram  had  a peak  w ith  a w id th  of less 
th an  2 M J y /S r  (ie <  10 x th e  c a lib ra tio n  noise) and  a t  low enough in ten sity  to  be co n sis ten t w ith  an  a re a  
of backg round . A ny such peak  was taken  as evidence of an area  o f low level em ission in th e  field w hich 
can be described  as an  a re a  of background  con ta in ing  only  low level em ission. A n u m b er o f fields were 
inspected  v isua lly  to  d e te rm in e  w hich regions c o n trib u te  to  th e  low in ten sity  peak . It w as found  th a t  the  
pixels com e from  a  con tig u o u s d isc re te  a rea  of the  sky, and  are n o t ran d o m ly  iso la ted  pixels.
T h e  p o sitio n  of th e  peak  was recorded an d  used as a m easure of the  backg round  su rface  b rig h tn ess  in 
the field.
3.2.2 R e s u l ts :  C i r ru s  D is t r ib u t io n  an d  C loud  C onfus ion .
272 ISSA fields were iden tified  by th is  technique a t 100/um and  368 a t 60/^m (from  a to ta l o f 430 for each 
w avelength) as c o n ta in in g  sign ifican t background  regions. T h e  average w id th s of the  low in ten s ity  peaks 
in the p ixel h is to g ra m s, were generally  a t  least a  fac to r o f two or th ree  la rger th a n  the  average c a lib ra tio n  
errors in d ic a tin g  th e  ex istence of real cirrus s tru c tu re  w ith in  the  backg round  regions.
To in v estig a te  th e  overall n a tu re  of the  background , m ap s w hich in te rp o la te d  from  region to  region 
of b ackg round  were co n s tru c te d . T h is  was done by first recording the  values o f th e  p ixel h is to g ra m  low 
in tensity  peaks (in  M Jy /S r)  an d  record ing  the  cen tra l position  of th e  field in  w hich it w as found .
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F igu re  3.2: P ixel h is to g ra m s of the  60 & 100/rm  em ission from  two rep resen ta tiv e  ISSA  fields.
In te rp o la tio n  on a  sphere  is n o t sim ple. O ne could for exam ple  try  to  fit a  se t o f n o rm alised  in d ep en ­
den t fu n ctio n s to  th e  values. In  all-sky w ork th e  obvious set o f functions to  use is th e  se t o f spherical 
harm onics. H ow ever, b o th  th e  fittin g  and  in te rp re ta tio n  of these resu lts  w ould be ex trem ely  co m p lica ted . 
In stead  a s im p le r in te rp o la tio n  techn ique was devised, som ew hat akin  to  box-car averag ing . For every 
square degree on th e  ce lestia l sphere  the  d is tan ce  to  the  cen tre o f the  n ea rest few ISSA  fields co n ta in in g  
a region of b ack g ro u n d  was ca lcu la ted , to  allow  averaging. T h is  gives a  series o f an g u la r d isp lacem en ts  
to the  b ackg round  regions ( # 1 , #2 , #3 , #4 , ....9n) w here
cos(#i) =  cos(deci)cos(dec)cos(ra — raj) — sin (dec i)sin (dec). (3-8)
Here th e  rig h t ascension  an d  d ec lin a tio n  of the  position  I w ished to  in te rp o la te  to  is d en o ted  r a  an d  dec 
respectively  an d  th e  p o sitio n  o f the  background  regions is deno ted  raj an d  dec;.
I th en  a t tr ib u te d  to  each p o sitio n  the  value of surface b righ tness,
V * i< 0 cos ( ^ - )  I;
I= E - c o s ( t )  (3'9)
T h is  was chosen because it in te rp o la te s  betw een positions sm oo th ly , does n o t p roduce  d isco n tin u ities  
and w eights m ore  heav ily  th e  nearest background  regions, even given th e  non un ifo rm  sp a tia l sa m p lin g  
of backg round  su rface  b rig h tn ess . T h e  resu lt o f th is  process was then  p ro jec ted  on to  a 2d su rface  w ith  
equal a re a  p ro jec tio n  to  c re a te  a  m a p  of background  b righ tness for the  w hole sky.
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F igures 3.3 & 3.4 show  m a p s of the  background  co n stru c ted  by m y techn ique a t  60 & 100/m i re­
spectively. T h e  p lo ts  are ‘equal a r e a ’ p ro jec tions in G alac tic  coo rd ina tes . T h e  in ten s ity  varies sm oo th ly , 
and increases to w ard s th e  G a la c tic  P lan e  in d ica tin g  th a t  the  c irrus in ten s ity  w ith in  b ack g ro u n d  regions 
increases to w ard s th e  p lane. B o th  m ap s co n ta in  negative  values show ing how  b ackground  su b tra c tio n  
used in p ro d u c in g  th e  ISSA  d a ta s e t  over-com pensated  in som e regions.
In b o th  p lo ts  g ap s  ex ist in  th e  m ap  near the  G alac tic  P lan e  because th e re  were very few fields w ith  
background  w hich can  be used in the  in te rp o la tio n . T h is  gap is la rger a t  100/im  because th e  fo reg round  
clouds are cool an d  hence em it m ore s trong ly  and  are detec ted  over a w ider sp a tia l scale a t lOO^m th a n  
60/im . T h e  b ack g ro u n d  reg ions becom e less ap p a ren t as the  fo reground  clouds becom e m ore  densely  
d is tr ib u ted , a t th e  sam e tim e  th e  cloud overlap  becom es m ore frequen t. T h e  gap  in the  b ack g ro u n d  m ap s 
near the  G a la c tic  p lane  in d ic a tes  background  regions can no t be easily  iden tified , an d  confusion  due to  
m u ltip le  clouds ex is tin g  along  th e  sam e line o f sigh t m ay be com m on. T h is  is a  region of th e  sky w here 
ind iv idual clouds c a n n o t be easily  s tu d ied  using the ISSA d a ta se t.
By using  th e  m e th o d  d escribed  for defining the  background  regions in  fields, it is found  th a t  the  
background  regions becom e less a p p a re n t a t  low G alac tic  la titu d e  an d  the  average surface b rig h tn ess  of 
the c irrus em ission  increases tow ards the  G alac tic  p lane.
3.3 Z odiacal C on tam in ation
In o rder to  in v estig a te  how well th e  zodiacal em ission h ad  been rem oved p lo ts  were co n s tru c te d  show ing 
the b ackg round  su rface  b rig h tn ess  p lo tted  as a  function  of eclip tic  la titu d e . As an exam ple , th e  60/jm  
background  surface b rig h tn ess  is show n for the  first eclip tic q u a d ra n t (i.e. all positions w ith  R .A . betw een 
0 and 6 h) in F igu re  3.5. A  slig h t dependance exists betw een the  backg round  surface b rig h tn ess  and  eclip tic  
la titu d e  possib ly  du e  to  th e  zod iaca l em ission n o t being com pletely  rem oved from  the  ISSA fields.
A n u m b er o f th e  ISSA fields were released w ith  th e  a ‘re je c t’ tag . T hese fields te n d  to  be th e  fields 
closest to  th e  ec lip tic  p lane, an d  have large zodiacal ‘b a n d s ’, several degrees across, passing  th ro u g h  
them  w hich could  n o t be rem oved  when the  ISSA p la tes  were p roduced . As is d iscussed la te r  fields 
co n tam in a te d  in th is  way were ex trem ely  difficult to  analyse an d  were rejected  la te r  on as u n su itab le  




Figure 3.3: In te rp o la te d  m a p  of lOO^tm background  regions. Values range from  -0.2 to  11 M Jy /S r . T h ere  
is a gap  th ro u g h  th e  m a p  n ea r  th e  G alac tic  p lane (p artly  obscured  because of th e  p ro jec tio n ), due to  a 
larger n u m b e r d en sity  of c louds near the  G alac tic  plane. T h is  region ca n n o t be easily  ca lib ra te d  an d  will 




Figure 3.4: In te rp o la te d  m a p  o f 6 0pm  background  regions. V alues ran g e  from  -2 .4  to  3.1 M Jy /S r . B ecause 
clouds em it less s tro n g ly  a t  60 /im  th a n  1 0 0 /rm  the  gap  in th e  coverage of b ackg round  surface b rig h tn ess  
is sm alle r a t  th is  w avelength .
60 m ic ron  background vs. ecl ipt ic lat i tude, f i r s t  quad ran t
-1 0 0  -5 0  0 50 100
Latitude
F igure 3.5: P lo t o f 60/rm  back g ro u n d  surface b righ tness as a function  of ec lip tic  la t i tu d e  in  th e  first 
ecliptic q u a d ra n t. A sligh t co rre la tio n  seem s to  ind icate  th a t  the  large scale zod iacal co m p o n en t has no t 
been com ple te ly  rem oved.
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3.4 C om p aring  O ptica l D ep th  m aps w ith  M olecu lar O bserva­
tions
O phiuchus is a well s tu d ied  region of s ta r  fo rm a tio n  and  ex tensive 13C O  m a p s of th e  cloud  are avail­
able (Loren 1989) w hich trac e  the  overall s tru c tu re  of th e  region. L1689 is a  d is tin c t com plex  in th is  
region w hich co n ta in s  several prev iously  identified  and s tud ied  s ta r  fo rm ing  cores. In  o rder to  check the  
C O L T E M P  m e th o d  an d  verify  W o o d ’s (1994) resu lts, op tica l d ep th  and  te m p e ra tu re  m a p s  for th is  region 
were co n s tru c te d  in  th e  follow ing way:
T h e  100 fim  p ixel h is to g ra m  of th e  ISSA field which con ta in s L1689, was exam ined  an d  an  e s tim a te  of 
the range o f in ten sitie s  w ith in  th e  background  region (2 <r), and  the  average in ten s ity  (I) o f th e  back g ro u n d  
was m ade. A te m p la te  co n ta in in g  all the  pixels w ith  in tensity  betw een I — cr an d  I +  <r w ith in  th e  field a t 
lOO^m was co n s tru c te d  an d  on e x a m in a tio n  was found  to  be a d iscre te  a re a  in the  field a p p ro x im a te ly  10 
degrees aw ay from  L1689. T h e  average values of b o th  the  60 an d  100 n m  in ten sitie s  w ith in  th is  te m p la te  
region were ca lcu la ted  in  o rd er to  m easure  the background  a t  th e  tw o w avelengths. T hese  tw o values 
were su b tra c te d  from  all th e  p ixels in  th e  two respective m aps. T h e  s ta n d a rd  d ev ia tio n  of the  p ixel values 
w ith in  the  te m p la te  region w as also ca lcu la ted  a t  each w avelength  an d  th e  im ages were th resh o ld ed  so th a t  
only pixels w ith  I >  (3 x a)  w ere used (ie only cloud regions w ith  I >  3 tim es the  ty p ica l c irru s  s tru c tu re  
were ana ly sed ). T h is  was necessary  because a t low in tensities the inferred  te m p e ra tu re  is very d ep en d en t 
on th e  back g ro u n d  offset an d  noise level, and  erroneous s tru c tu re s  a p p e a r in the  resu ltin g  o p tic a l d ep th  
m aps - the  m ost co m m o n  being  a lim b b righ ten ing  of the  low op tica l d ep th  clouds. A lth o u g h  th is  ty p e  of 
fea tu re has been in te rp re te d  as real lim b b righ ten ing  (ie L anger e t al 1989; W ood e t al 1992), I d iscarded  
these s tru c tu re s .
T e m p e ra tu re  an d  o p tic a l d e p th  m aps were construc ted  using the  a d a p te d  C O L T E M P  ro u tin e . T h e  
resu lting  o p tic a l d e p th  m a p  o f L1689 is presen ted  alongside the  13CO  m a p  (Loren 1989) in F ig u re  3.6. 
T he 13C O  m a p  is on ly  in te g ra te d  over a  sm all velocity range of th e  line an d  a  com p ariso n  w ith  the  
overall in te g ra te d  13C O  em ission  m ay give a  b e tte r  com parison  to  th e  ISSA o p tica l d ep th  m a p  (because a 
con tin u u m  m ap  has no velocity  s tru c tu re ) . However it is obvious w hen co m p arin g  the  tw o m ap s , th a t  the  
ISSA o p tic a l d e p th  m a p  traces  s im ila r m orphology  to  th e  1 3 CO . In  a d d itio n  it was found  w hen vary ing  
the b ackg round  reg ion  used for su b tra c tio n  th a t  the  m orphology  of the  o p tica l d e p th  m a p  is s ign ifican tly  
less d ep e n d en t on  th e  value o f background  used th a n  th e  abso lu te  value of in ferred  o p tica l d e p th . T h e  
well know n s ta r  fo rm in g  cores L1689N (also know n as R 57), an d  L1689S are clearly  visible, as is the  




R igh t A scension  (B1950)
F igure 3.6: T w o m a p s  of L1689. T h e  first is a  100 m icron  o p tica l d e p th  m a p  w ith  c o n to u r levels a t 
0 .8 ,1 .1 ,1 .4 ,1 .7 ,2 .0 ,2 .3 ,2 . 6  x lO - 3 . T h e  second im age is th e  13CO  m a p  o f th e  sam e field ta k en  from  Loren 
(1989), w ith  co n to u rs  o f T ^ ( 1 3 C O ) J =  (1—>-0) a t levels 2 ,4 ,6 ,8 ,10 an d  12K. T h e  13C O  m a p  is cen tred  
round  th e  V l s r  3 .8 3 k m /s . B o th  m ap s trace  s im ila r s tru c tu re  an d  pick o u t th e  cores L1689N  an d  L1689B 
(labeled  R 57, R65 by L oren). L1689S co n ta in s  a  very young  s te lla r  o b je c t IR A S 16288 (m ark ed  w ith  a 
s ta r  in 13C O  m a p ) w hich p roduces an  a p p a re n t ‘ho le’ in  the  o p tica l d e p th  m a p . T h is  is a  p h en o m en o n  
discussed by W ood e t al (1992), an d  is due to  th e  em ission in th is  region being  d o m in a te d  by  sm a ll scale 
s tru c tu re  w ith  a  sm a ll b eam  filling fac to r. I t is ind ica tive  of very young s te lla r ob jects .
A t th e  cen tre  o f th e  cloud  th e re  is an  a p p a re n t ‘h o le ’ in  the  op tica l d e p th  m a p  w hich co rresp o n d s to  
IRAS 16288 a young  p ro to s ta r  a t  th e  cen tre  of L1689S. W ood e t al (1992) no ted  th is  p h en o m en o n  an d  
suggested  it  w as du e  to  a  sm all, re la tive ly  b rig h t source d o m in a tin g  th e  em ission in  th e  p ixel. B ecause 
t (u ) in e q u a tio n  3.3 in c o rp o ra te s  a b eam  filling fac to r (ie, the  left h an d  side shou ld  m ore co rrec tly  be 
w ritten  Q r(i/))  a  hole is p ro b ab ly  in d ica tiv e  of a  sm all b r ig h t o b jec t d o m in a tin g  th e  surface b rig h tn ess . 
In th is  case it can  be confirm ed th a t  it is due to  a  young p ro to s ta r . A ny sim ila r o b jec ts  found  la te r  on 
will be in v es tig a ted .
I conclude, in  ag reem en t w ith  W ood et al (1992), th a t  ISSA op tica l d e p th  m a p s  trac e  th e  m orp h o lo g y  
of s ta r  fo rm in g  clouds an d  cores.
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3.5 A  C a ta logu e  o f  C louds
In o rder to  get a  reaso n ab ly  unb iased  sam ple  of high G alac tic  la ti tu d e  clouds, an d  to  s tu d y  th e  s ta r  
fo rm atio n  w ith in  these  clouds, 96 fields w hich were identified  in th e  prev ious section  as co n ta in in g  back­
ground  reg ions were ran d o m ly  selected  and  exam ined , w ith  the a im  of p ro d u c in g  colour te m p e ra tu re  and  
op tical d e p th  m ap s. E ach w as tre a te d  in th e  follow ing way:
T h e  60 an d  100//m  m a p s  w ere each exam ined  and notes were taken  a b o u t th e  p o sitio n  o f th e  cloud 
com plexes, ex istence of zod iaca l c o n ta m in a tio n  and  q uality  of the  im ages. T h e  te m p e ra tu re  an d  o p tica l 
dep th  m a p s  were th e n  p ro d u ced  in  th e  sam e way as the  m ap  o f L1689: F irs t the  100 /rm  im age  was 
exam ined  an d  a  te m p la te  o f th e  background  region was m ade. T h e  b ackg round  value for th e  tw o w ave­
lengths was th e n  e s tim a te d  an d  su b tra c te d  from  th e  two im ages. O p tica l d e p th  an d  te m p e ra tu re  m ap s 
were th en  co n s tru c te d . O f th e  96 fields chosen 91 were reduced to  o p tica l d e p th  an d  te m p e ra tu re  m aps. 
Of these, a p p ro x im a te ly  60 w ere exam ined  by eye w ith  th e  aim  of iden tify ing  clouds.
In general th e  re su lta n t o p tic a l d ep th  m aps con tained  zero, one, two or th ree  cloud com plexes vary ing  
in size from  a  few pixels to  h a lf  a field. Several fields were d iscarded  e ith e r  due to  hav ing  very lit tle  
s tru c tu re , being  too  noisy (u sua lly  s tro n g ly  affected by s trip in g ), or hav ing  m a jo r  c o n ta m in a tio n  from  
zodiacal ban d s . F rom  the  17 m o st obvious an d  opaque clouds were se lected  for fu rth e r  s tudy . T h e  
selection p rocedu re  was the re fo re  s trong ly  b iased away from  regions of low g a lac tic  la ti tu d e , low eclip tic  
la titu d e , an d  tow ards h igh  co lu m n  density  clouds. Som e of the  clouds were found  a t th e  edges o f the  
fields an d  are hence tru n c a te d . T h e  clouds selected are listed  in T ab le  3.1.
An ex tensive  search  in th e  lite ra tu re  was m ade in order to  find prev iously  know n assoc ia tions w ith  
the clouds. I t  w as found  th a t  3 of th e  clouds were previously identified  by L ynds as d a rk  clouds (L ynds 
1962), 2 co n ta in e d  L ynds b r ig h t n ebu lae  (Lynds 1965), 7 had  been identified  by o th e r  a u th o rs  (T ay lo r et 
al 1987, R am esh  1994) an d  h ad  m easured  CO velocities and  3 had  nearby  open  c lu ste r associa tions . O f 
the 3 open  c luste rs, tw o have been  d a te d  and  were found to  be old, N G C  7142 is th o u g h t to  be 4 b illion  
years old, M e rlo tte  6 6  is 6  b illion  years old, im ply ing  th a t  they  were p ro b ab ly  n o t linked  w ith  th e  cloud  
in th e  sam e w ay as th e  P le iad es an d  T au ru s. In ad d itio n  com parison  w ith  th e  C O  G ala c tic  p lane  surveys 
(D am e e t al 1987) revealed  th a t  several clouds were associa ted  w ith  know n cloud com plexes. O nly  two 
had no prev iously  pub lished  associa tions.
U nlike m o lecu lar m ap s an d  surveys w hich give the velocity of the clouds an d  hence give an  e s tim a te  of 
the d istances, these  ISSA  selected  clouds (like the  op tically  selected clouds of Lynds) do  n o t have easily  
derivable d is tan ces. D istances were e s tim a ted  e ither from  velocity  and  sp a tia l a sso c ia tio n  w ith  the  O rion ,
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Cepheus, C h am aeleo n  an d  O ph iuchus com plexes, or by e s tim a tin g  an  u p p e r lim it for d is tan c e  o b ta in ed  
by assum ing  th e  clouds lay in  th e  G a lac tic  disc ie. less th a n  60 pc aw ay from  th e  G a la c tic  p lane  (C lem ens, 
Sanders an d  Scoville, 1988). T h e  d is tan ce  to  the clouds associa ted  w ith  com plexes was assum ed  to  be 
w ith in  1 0  percen t o f th e  co m p lex  d istance.
C louds found  in  C epheus p resen t a  p a r tic u la r  p rob lem  when one a t te m p ts  to  assign a  d is tan ce . T h ere  
are two d ifferen t com plexes along  th e  line of sight: one a t ap p ro x im ate ly  300 pc w ith  a velocity  ~  O km /s; 
and one in  th e  local sp ira l a rm  a t  ap p ro x im ate ly  800 pc and  w ith  a  velocity  of ~  -1 2 k m /s  (G ren ier e t al 
1989). S om e of th e  clouds I se lected  had  been sam pled  w ith  CO  observa tions (by T ay lo r e t al 1987), an d  
the m easu red  velocities revealed  th e  clouds belonged to  one or o th e r  com plex . T h e  sam p le  here co n ta in s  
clouds from  b o th  com plexes. T h e  th ree  C epheus clouds in  the  sam p le  w ith o u t CO  assoc ia tions cou ld  be 
a t e ith er o f these tw o d is tan ces.
In to ta l  11 o f th e  16 c louds h a d  a  single d istance  assigned to  th em , 2 h ad  u p p er lim its , an d  3 could  
be a t e ith e r  o f 2  d istances.
T ab le  3.1 lis ts th e  clouds. C o lu m n  1 lists the  nam e I assigned derived from  th e  field n u m b er. C o lu m n  
2 gives th e  a p p ro x im a te  p o sitio n  of the  cen tre  of th e  cloud. C o lum n  3 gives the  cloud associa tions: in 
th is co lum n  a  su p e rsc rip t (1) in d ica tes  the associa tion  was a d a rk  neb u la  ca ta lo g u ed  by L ynds (1962), 
a su p e rsc rip t (2) in d ica tes  th e  associa tion  is a  b rig h t nebulae ca ta logued  by L ynds (1965), a  su p e rsc rip t 
(3) in d ica tes  th e  asso cia tio n  is a  m olecu lar cloud identified an d  sam pled  in CO  by T ay lo r e t al (1987), 
a su p e rsc rip t (4) in d ica tes  th e  associa tion  is an open c luste r as lis ted  in  L ang  (1992), th e  su p e rsc rip t 
(5) is used once an d  refers to  th e  s ta r-b u rs t galaxy  N G C  1569 (see figure 3.12 for m ore  d iscussion), 
and the  su p e rsc rip t ( 6 ) in d ic a te s  th e  associa tion  is a m olecu lar cloud identified  and  sam p led  in  C O  by 
R am esh (1994). C o lu m n  4 gives the  velocity  of the cloud (if prev iously  m easu red ), an d  co lum n  5 gives 
the e s tim a te d  d is tan ce .
T h e  o p tic a l d e p th  m a p s  o f th e  clouds are presen ted  in figures 3.6 to  3.22. As can  be seen by ex am in in g  
the figures, the  clouds do n o t have o p tica l d ep th s as large as those  found  in L1689. T h e  p eak  100/im  
optical d ep th s  in th e  com plexes seem ed to  vary  from  —0.1-1 x l 0 ~ 3. T h e  clouds show  a large v a r ia tio n  in 
s tru c tu re , som e are very filam en ta ry , som e have a single com ponen t. None of the  clouds show  any  so rt o f 
lim b b rig h ten in g  as has been suggested  by previous au th o rs . O verla id  on every m a p  are th e  IR A S P o in t 
Sources ly ing  in  th e  fields (each m arked  as an  asterix ). I t is also clear from  th e  m ap s th a t  som e s tr ip in g  
still ex ists  in th e  im ages, d esp ite  th e  IPA C  d a ta  reduction  procedures. T h is  s tr ip in g  is largely  due to  the  
IRA S sa te llite  hav ing  scan n ed  across the  sky, and  the associa ted  difficulty  of receiver ca lib ra tio n . I t was 
not possib le for ex am p le  to  ta k e  flatfield  exposures. T h e  s trip in g  often  occurs in m ore th a n  one d irec tio n ,
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C loud
T ab le  3.1: 
P osition (1950) R A ,D ec
T ab le  of clouds, positions 
A ssociations
and  associa tions. 
V elocity(L SR ) D istance
422A lh  35m , 76d 30s C epheus 300-800pc
423A 2h 10m , 75d 30m C epheus, L1331, LB N 2 
T 4863, T 4864, B erkeley 8 4
3 .1 -3 .5 k m /s 8 0 0 ±  80pc
002B 2h 30m , -85d 00m C ham aeleon 2 0 0 ± 2 0 pc
423B 3h 00m , 81d 20m C epheus 300-800pc
205A 4h 28m , 4d 00m O rion 4 5 0 ± 4 5 p c
411A 4h 15m , 64d 20m C epheus, N G C  1569s 300-800pc
050A 7h 26m , -48d 00m R 426, M erlo tte  6 6 4 4 .8 k m /s < 2 5 0 p c
221A 15h 44m , -4d 00m p O phiuchus, L 134N 1 2 .6 k m /s 125± 12pc
021A Oh 00m , -76d 00m C ham aeleon 2 0 0 ± 2 0 pc
420C 20h 40m , 67d 20m C epheus, L 11481, T 379 3 3 .5 k m /s 3 0 0 ± 3 0 p c
420B 21h 30m , 6 6 d 00m C epheus, L11761, T 3093, 
N G C  71424, N G C  71294
- 1 0 .8 k m /s 800± 8 0 p c
002A
334A
21h 30m , -83d 00m  
21h 48m , 35d 30m
C ham aeleon 2 0 0 ± 2 0 pc
< 2 7 0 p c
422C 22h 00m , 77d 30m C epheus, LBN 
T 4203,T 4283,T4313
-1 .7 k m /s -5 .1 k m /s 300± 3 0 p c
422B
270A
22h 45m  73d 45m  
Oh 2m , 13d 50m
C epheus, T 4263, T 4313 -3 .7 k m /s 3 0 0 ± 3 0 p c
< 8 0 p c
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due to  the  sa te llite  hav ing  scan n ed  th e  region m ore th a n  once (generally  th re e  tim es b u t often  m ore), 













Rinht A i re n s io n  fR19.c>0')
Figure 3.7: 100 f im  optical dep th  m ap of 4‘22A. Greyscale is from 0.072 to 0.194 xlO  C ontours are at
















Right Ascension (B 1950)
F igure 3.8: 100 ¡im  o p tic a l d e p th  m a p  of i423a. G reyscale is from  0.095 to  0.25 x lO - 3 . C o n to u rs  a re  a t 
0.34, 0.42 an d  0.48 x lO " 3 .
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Right Ascension (B1950)
Figure 3.9: 100 f im  o p tica l d e p th  m a p  of i002b. G reyscale is from  0.036 to  0.074 x l 0 ~ 3 . C o n to u rs  are 
a t 0.095, 0.116 an d  0.12 x lO “ 3 .
30m 20m 10m 3h 0m 50m 40m 2 h 3 0 m
Right Ascension (B1950)
F igure 3.10: 100 ¡im  o p tica l d e p th  m a p  o f i423b. G reyscale is from  0.0565 to  0.136. C o n to u rs  a re  a t 
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2 0
R igh t Ascension (B 1 9 5 0 )
F igure 3.11: 100 p m  o p tica l d ep th  m a p  of i205a. G reyscale is from  0.064 to  0.105 x l 0 ~ 3. C o n to u rs  are 
a t 0.115, 0 .119 an d  0.123 x l 0 ~ 3 .
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Righ t  Ascens ion  ( B 1 9 5 0 )
F igure 3.12: 100 ¡im  o p tica l d ep th  m a p  of i41 la .  G reyscale is from  0.074 to  0.25 x lO - 3 . C o n to u rs  a re  a t 
0.32, 0.34 an d  0.36 x lO - 3 . In  th is  field tw o s ta r  b u s t galaxies co rrespond  to  th e  tw o ‘h o les’ in th e  im age 














R ight  Ascens ion  ( B 1 9 5 0 )
Figure 3.13: 100 fim. optical dep th  m ap of i221a. Greyscale is from  0.027 to  0.057 xlO  3. C ontours are
at 0.066, 0.069 and 0.072 x l0 ~ 3 .
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-49°
Right Ascension (B 1 9 5 0 )
Figure 3.14: 100 f im  optical dep th  m ap of i050a. Greyscale is from 0.066 to  0.117 x lO - 3 . C ontours are
at 0.148, 0.1625 and 0.1750 x lO “ 3
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Right Ascension (B1950)
Figure 3.15: 100 f im  o p tica l d e p th  m a p  of i021a. G reyscale is from  0.019 to  0.0450. C o n to u rs  a re  a t 
0.054, 0 .0575 an d  0.061 x l 0 ~ 3 .
20h 20m 0m 19h 40r"  20m 0m
Right Ascension (B1950)
F igure  3.16: 100 f im  o p tica l d e p th  m a p  of i428a. G reyscale is from  0.045 to  0.085 x lO “ 3. C o n to u rs  are 
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20h 44m 42m 40m 38m 36m 34 m
Right  Ascension (B1 950)
Figure 3.17: 100 f im  optical dep th  m ap of i420c. Greyscale is from  0.075 to  0.3 xlO  3. C ontours are at














F igure 3.18: 100 \ im  o p tic a l d e p th  m a p  of i420b. G reyscale is from  0.16 to  0 .2 9 x l0 - 3 . C o n to u rs  are a t 
0.338, 0.358 an d  0.397 x lO " 3 .
6 8
Oh Om 23h 30m Om 22h 30m Om 21h 30m Om
Right Ascension (B 1950)
Figure 3.19: 100 f im  o p tica l d e p th  m a p  of i002a. G reyscale is from  0.058 to  0.112 x lO  3. C o n to u rs  are 
a t 0.138, 0 .147 an d  0 .1 5 3 x lQ - 3.
Right Ascension (B 1950)
F igure 3.20: 100 /jm  o p tica l d ep th  m a p  of i334a. G reyscale is from  0.018 to  0 .0 4 5 x l0 “ 3. C o n to u rs  are 
a t 0.054, 0 .0565 a n d  0 .0 5 9 0 x l0 ~ 3.
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Right Ascension (B1950 )
Figure 3.21: 100 ¡j,m optical depth  m ap of i422c. Greyscale is from 0.05 to  0 .2x10  3. C ontours are a t
0.25, 0.27 and 0 .2 9 x l0 ~ 3.
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2 2 h 5 5 m 5 0 m 45m 4 0 m
Right Ascension (B 1950)
F igure 3.22: 100 /u n  o p tic a l d e p th  m a p  of i422b. G reyscale is from  0.1 to  0 .1 6 x 1 0  3. C o n to u rs  a re  a t 
0.189, 0.196 an d  0 .2 x l0 ~ 3.
Right Ascension (B1950)
F igure 3.23: 100 fa n  o p tica l d ep th  m a p  of i270a. G reyscale is from  0 .0015x l 0 ~ 3 to  0.01 x 10- 3 . C o n to u rs  
are a t  0 .0135, 0.0145 an d  0 .0 1 5 5 x l0 “ 3.
71
3.6 A  C ata logu e  o f  Cores, and Core P rop ertie s .
A ca ta lo g u e  o f th e  m o st o p aq u e  regions in each cloud was m ade. T h e  m a p s  were ex am in ed  by eye, and
cores were defined as the  reg ions w ith  o p tica l d ep th  above e ith er 98, 99 or 99.5 p ercen t o f th e  pixels
in th e  re s t o f the  field. In  general the level was chosen to  ensure th a t  th e  a re a  defined as a  core was 
reasonably  sm all. H ence for clouds w ith  only one peak in o p tica l d ep th  th e  h igher c u t off w as used, for 
clouds w ith  3 or 4 se p a ra te  peak s the  lower cu t off level was used. T h is  ensured  th a t  each core was 
defined as a p p ro x im a te ly  0.5 percen t o f th e  overall cloud size. H ence th e  effective defin ition  o f a core is 
the m ost op aq u e  0.5 p ercen t o f a cloud. T h e  te m p era tu re , ellip ticity , an d  p osition  of each core was th en
recorded, an d  th e  m ass of th e  cores was also es tim a ted .
T h e  o p tica l d e p th  a t  100/im  due to  d u s t along the line of sigh t is expressib le (H ild eb ran d  1983, W oods 
et al 1992) as
rioo =  7r(a)2 QiooNg (3.10)
where N g is th e  co lu m n  d en sity  of g rains, (a) is the  average rad iu s of th e  g ra in s  an d  Qioo is th e  em ission 
efficiency of the  d u s t g ra in s  a t  100/im . T h e  m ass colum n density  o f the  g ra in s  (in g e m - 2 ) is th e n  given
"d = 5 ( ¿ )  7100 (3'u)
where p is th e  g ra in  density . T h e  to ta l m ass of the d u st (in g ram s) in the  core (w ith  p ro jec ted  a re a  A) 
is therefore given by
Mdust =  A(crd ). (3.12)
N orm ally  th e  d u s t to  gas ra tio  in  the  ISM  is assum ed to  be a p p ro x im a te ly  1:100 by m ass (consis ten t 
w ith  the  value p resen ted  by H ild eb ran d  1983). However it is well know n th a t  w hen th is  ra tio  is used  for 
IRA S 100 m icron  o p tic a l d e p th  im ages it u n d erestim a te s  the  to ta l m ass of gas by a su b s ta n tia l a m o u n t. 
T he reason  for th is  is u n ce rta in , b u t som etim es is a t tr ib u te d  to  p referen tia l h ea tin g  of th e  d u s t w ith in  
selected regions o f a  cloud  by UV ra d ia tio n  (eg C lem ens et al 1991) or du e  to  a  se p a ra te  p o p u la tio n  of 
dust ex isting , possib ly  PA H s or sm all g rap h ite  grains, w ith  a h igher eq u ilib riu m  te m p e ra tu re  th a n  the  
m a jo rity  o f th e  d u s t in th e  ISM  (eg W ood et al 1992). In e ither s itu a tio n  a sm all frac tio n  of th e  to ta l
dust in th e  ISM  d o m in a te s  th e  em ission a t IRA S w avelengths.
By using  tw o re la tio n s , firstly  th a t  A v ~  2 x 104rioo and  secondly  th a t  NH2 (c m ~ 2) ~  102 1 A y, 
W ood e t al (1992) a rgue  th a t  on ly  one 50th  of the to ta l d u s t is d e tec ted  a t  IR A S w aveleng ths, an d  
use a IR A S d u s t to  gas ra tio  o f 1:2000 in  th e ir  analysis. For consistency  th is  value is also used here - 
a lthough  it shou ld  be no ted  th a t  th is value is likely to  change from  cloud to  cloud due to  differences
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in physical cond itions. P rocesses like am b ip o la r diffusion, agg regation , an d  o p tica l p rocessing  could  all 
vary th e  ra tio . W ith  a  value for ( a p /Q 100) ~  32gcm ~2 derived using  H ild e b ra n d ’s (1983) re la tio n sh ip  
a.p/Q \ =  3.2 x (1000 /A (/im )) for a m ix tu re  of g rap h ite  and  silicon g ra in s, th en  one o b ta in s  th e  eq u a tio n
M (M q ) ~  1.25 x 1 (T 2  x D 2 (pc) £  r 1 0 0  (3.13)
pixels
where D is th e  d is tan ce  to  th e  core. T h e  core m asses were e s tim a ted  using  eq u a tio n  3.13. I t sh o u ld  be 
stressed th a t  th e  u n c e r ta in ty  in  derived m ass is a lm ost ce rta in ly  d o m in a te d  by our lack o f know ledge 
ab o u t w h a t frac tio n  of th e  th e  d u s t in th e  ISM  co n trib u tes  to  th e  IR A S em ission , the  d u s t co m p o sitio n  
(bo th  o f these  will a lm o st ce r ta in ly  vary  from  cloud to  cloud), and  th e  u n ce rta in tie s  in th e  d is tan ces of 
the cores. H ow ever th e  m ass o f L1689, derived from  equa tion  3.13 (assum ing  th e  d is tan ce  to  O ph iuchus 
is 160 pc) an d  th e  o p tica l d e p th  m ap  p resen ted  in F igure 3.6, is 448M© w hich is s im ila r to  th e  value 
derived by Loren (1989) of 566M g from  the  13CO m ap. In a d d itio n  W ood e t al (1994) find  th a t  the
assum ptions o u tlin e  here also p red ic t the  m ass of L1457.
T h e  list o f cores are  ta b u la te d  in T ab le  3.2 along w ith  the ir p ro p ertie s . C o lum n  1 lis ts  th e  R A  o rdered  
num ber, co lu m n  2 lists th e  cloud in which it was found and co lum n 3 lists the  p o sitio n  o f the  cen tre  of 
the core. C o lu m n  4 lists th e  derived  te m p e ra tu re  of th e  core, co lum n 5 lis ts th e  solid  angle o f th e  core
in square  a rc m in u te s  (as m easu red  by the  S ta rlin k  P IS A F ind  ro u tin e ), co lum n  6  lis ts th e  m ean  o p tica l
dep th  of th e  core, co lu m n  7 lis ts  th e  peak  op tica l d ep th  of the  core, co lum n  8  m easures th e  e llip tic ity  
of the core, co lum n  9 lists its  average rad ius, co lum n 10 lists the  p osition  angle of th e  core m a jo r  axis. 
C olum n 11 lists the  derived  m ass of the core and  co lum n 12 lists th e  derived  Je an s  m ass (see eq u a tio n  
2.37).
In ad d itio n , if th e  core co n ta in e d  an IRA S po in t source associa tion  th is  source is lis ted  along  w ith  
the m easu red  flux of th e  source , th e  supersc rip ts  on the  nam e ind ica tes the  ca ta lo g u e  from  w hich th e  
associa ted  source is tak en . A su p e rsc rip t (1) ind icates the source ap p ears  in S m ith so n ian  A strophysica l 
O bservato ry  S ta r  C a ta lo g u e , a  su p e rsc rip t (2) ind icates the  source ap p ears  in  the  ca ta lo g u e  o f O hio  S ta te  
U niversity  R ad io  Sources, a  su p e rsc rip t (3) ind icates the source ap p ears  in th e  IR A S S eren d ip ito u s Survey 
C a ta logue, a  su p e rsc rip t (4) in d ica tes  th a t  the  source appears in the  D ea rb o rn  O b serv a to ry  C a ta lo g  of 
Faint R ed S ta rs , an d  a  su p e rsc rip t (5) ind ica tes the source ap p ears  in th e  IR A S S m all Scale S tru c tu re  
C ata log  (for references see T ab le  H .l  in B eichm an 1988.)
In sh o rt a  se lec tion  o f 60 cloud  cores d raw n from  rela tively  high G ala c tic  la ti tu d e  clouds is p resen ted , 
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3.6.1 U n c e r t a in t i e s  a n d  E r ro r s
Given th e  s im ila rity  betw een th e  m e th o d s  used here to  c reate  co lum n  d en sity  m a p s  of cloud  cores an d  
those used by W oods e t al 1992, i t  is w orth  re -ite ra tin g  the d iscussion they  gave on erro rs an d  assu m p tio n s .
In  m a k in g  th e  m ap s, 5 assu m p tio n s  are m ade; th a t  the  d u st is o p tica lly  th in  a t 60 an d  lOO^m, th a t  
the em issiv ity  is p ro p o rtio n a l to  a  pow er law (equation  3.3) w ith  index  ¡3 = 1 (from  H ild eb ran d  (1983) 
who uses th e  K ram ers-K ro n ig  re la tio n  for em issiv ity  valid when A >  a th e  ty p ica l size of th e  g ra in s), th a t  
the 60 an d  lOOyrm em ission  su b te n d s  th e  sam e solid angle, th a t  the  d u s t in th e  IR A S b ea m  is a t  a  single 
te m p e ra tu re , an d  th a t  th e  ab so lu te  surface brigh tness o f the cloud has been co rrec tly  e s tim a ted .
T h e  resu ltin g  m a p s  p roduced  all had  low op tica l dep th s, v a lid a tin g  th e  first a ssu m p tio n . H ild eb ran d  
(1983) argued  th a t  a t  the  w avelengths covered by IR A S, r  oc A- 1 . W ood e t al 1992 found  th a t  th e ir  
results were n o t s ign ifican tly  affected by assum ing  r  oc A- 2 . By using  surface b rig h tn ess  in s tea d  of 
in te n s ity / b eam  an d  because clouds s tru c tu re s  clearly  exist on a  scale m uch la rger th a n  th e  b eam  size 
the th ird  a s su m p tio n , th a t  th e  60 an d  lOO^m em ission sub tends the  sam e solid  angle, seem s valid .
For these reasons W ood e t al 1992 concluded th a t  the m a jo r  source of erro rs w ould arise from  th e  
last two assu m p tio n s . T hey  fu rth e r  argued  th a t  the  assu m p tio n  th a t  the  d u s t in th e  IR A S b ea m  is a t  a 
single te m p e ra tu re  is generally  accu ra te  except in the  v icin ity  of an  em bedded  s ta r , w here ‘h o les’ a p p e a r 
in the s tru c tu re s . T h is  p h enom enon  is however readily  ap p a ren t and  I have discussed it earlier.
T herefo re  I conclude th a t  th e  la rgest erro r is due to  the e s tim a te  of surface b righ tness. I have discussed 
a t leng th  th e  techn ique  used, b u t it is w orth  n o ting  th a t  W oods et al 1992 concluded  th a t  an  e rro r of 
10-15 p ercen t in  the  derived  ra tio  o f 60 to  100//m  surface b righ tness w ould  lead  to  a 40 p ercen t e rro r in 
the d e riv a tio n  of o p tica l d ep th s  an d  th a t  th is  erro r reduces to  a few percen t aw ay from  th e  eclip tic . G iven 
th a t th e  w ork here im proves on W oods e t al 1992, by b o th  using a  d a ta se t w hich has Z od iacal em ission  
largely rem oved an d  c o n c en tra tin g  on areas of the sky where backg round  in te n s ity  is read ily  a p p a re n t, I 
conclude th a t  our w ork is likely to  be a t least as accurate. T h e  fac t th a t  th e  m asses derived  here from  
optical d e p th  m a p s  o f L1689 an d  in Loren e t al (1989) from  13CO  agree to  w ith in  ~  20 p ercen t su p p o rts  
th is a rg u m en t.
S y stem atic  e rro rs  in  the  derived  m asses are p robab ly  larger. T h e  d u s t co lum n  density  to  H 2 ra tio  is 
likely to  be u n c e r ta in  to  a t  le a s t a fac to r of 2. However given th a t  th is  fac to r is derived  from  a co rre la tio n  
w ith  A v , co m p ariso n  w ith  resu lts  of o th e r ca ta logues, w hich have p ro p ertie s  derived  in a  s im ila r  way 
from  m olecu lar o bse rva tions m ay  well be m ore accurate  th a n  th is . T h e  assum ed  d is tan ces  of th e  cores
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are th o u g h t to  be th e  m a jo r  e rro r source in deriv ing  m asses.
3.7 D iscu ss io n
3.7.1 A re  t h e  C o re s  G ra v i ta t io n a l ly  B o u n d ?
T he Je an s  m ass for each core was ca lcu la ted , as was the ra tio  of ac tu a l m ass to  Je a n s  m ass. T h e  vast 
m a jo rity  of the  cores (44 o u t 60) have a to ta l m ass g rea te r th a n  the  Je a n s  m ass, in d ic a tin g  th a t  th ey  
are g ra v ita tio n a lly  b o u n d , an d  s ta b le  ag a in st d isru p tio n  from  sm all p ressu re flu c tu a tio n s . In  fac t if  they  
have no su p p o r t o th e r  th a n  p ressu re  g rad ien ts, they  are likely to  collapse.
As d iscussed above, th e  frac tio n a l ab u n d an ce  of the  d u st e m ittin g  a t  th e  IR A S w aveleng ths m u s t be 
th o u g h t o f as u n ce rta in . U sing eq u a tio n  2.38 one can see th a t  the  ra tio  o f M to  M j is p ro p o rtio n a l to  
M 3 / 2 , so th a t  if  th e  co rrec t d u s t ab u n d an ce  is 2  tim es h igher th a n  assum ed  for a p a r tic u la r  core, th e  m ass 
of the core is 2 tim es  h igher th a n  the  derived value, and the  ra tio  o f M to  M j is ~  3 tim es h igher th a n  
derived. T herefo re  th e  ra tio  o f M to  M j is m ore dependen t on the  u n ce rta in tie s  in th e  d u s t a b u n d a n ce  
th a n  is th e  M, an d  th is  u n c e r ta in ty  has a  s tro n g  bearing  on m y conclusion th a t  the  m a jo r ity  of th e  cores 
p resented  in th is  w ork are g ra v ita tio n a lly  bound .
3.7.2 A re  th e  C o res  F o rm in g  S ta rs?
E xam ples o f th e  far in fra red  sp e c tra  o f young ste lla r  sources are given in A d am s e t al (1987), and  A ndre , 
W ard -T h o m p so n  an d  B arsony  (1993). C lass Is can peak a t  th e  IRA S w avelengths or longer, C lass Os 
peak well longw ard  of 100pm  in the  subm illim etre . T h e  arch e ty p a l C lass 0 is V LA  1623 was n o t even 
detected  by IR A S an d  a t least one know n exsam ple of a  C lass 0 is know n to  be d e tec ted  a t  only  100pm  
(W ard -T h o m p so n  e t al 1995) . T h e  sam p le  of cores presen ted  here has a n u m b e r of asso c ia ted  IR A S p o in t 
sources w hich could  well be in d ica tiv e  of p reste lla r sources peak ing  first longw ards of 100pm . However 
only w ith  follow up o b se rv a tio n s ex tend ing  the  subm illim etre  and in frared  coverage an d  searches for rad io  
em ission an d  m o lecu lar outflow s can the  ind iv idual cores unam biguously  be identified  as being  sites of 
s ta r fo rm a tio n .
In o rder to  in v estig a te  w h e th e r the  cores con tained  a su rp lus of as tro n o m ica l ob jec ts , all the  IR A S 
poin t sources w ith in  a core rad iu s  were recorded. These p o in t sources are lis ted  in T ab le  3.2 u n d er the
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entry for each core. The flux densities of each IRAS point source are also listed.
Som e cores will have assoc ia ted  sources due purely to  chance a lig n m en ts . In  o rd er to  e s tim a te  w h a t 
p a r t o f th e  observed  sam p le  o f p o in t source associa tions were ran d o m  a lig n m en ts  tw o ‘co n tro l sa m p le s ’ 
were p ro d u ced  by o ffse tting  th e  core positions by first 2  degrees an d  th e n  5  degrees in  d ec lin a tio n , and  
o therw ise se lec ting  th e  IR A S p o in t sources in the  sam e way. In effect we p ro d u ced  2 false p o p u la tio n s  
of cores m a d e  u p  o f th e  sam e n u m b er of cores, each w ith  the sam e size an d  e llip tic ity , one o f w hich was 
located  ( th e  2  degree offset p o p u la tio n ) in the  clouds, and  one of w hich w as loca ted  o u ts id e  th e  clouds, 
bu t n e ith e r o f w hich was lo ca ted  near real cores.
In th e  sam p le  p ro d u ced  a t  2 degree d isp lacem ent I found 10 sources. 4 were d e tec ted  on ly  a t  100//m , 
which are p ro b ab ly  c irrus sources. 5 sources were detected  a t 12 an d  2 5 ^ m  all o f w hich w ere b rig h te r  
a t 1 2 /im  th a n  25^im an d  are therefo re  th o u g h t to  be m ain  sequence field s ta rs  ( 1  h ad  been positively  
identified as a B s ta r ) .  O ne source, w hich was detec ted  a t all w avelengths an d  h ad  a  s te ad ily  increasing  
flux w ith  w aveleng th , h ad  been ca ta lo g u ed  as a  galaxy  in the U psa la  general ca ta lo g u e  o f galaxies.
In th e  sam p le  p roduced  a t a  d isp lacem en t o f 5 degrees the re  were 10 sources, 4 o f w hich were 100/im  
only sources, an d  6  o f w hich were detec ted  a t b o th  12 and 25/j.m and  were b rig h te r  a t  12^m  an d  aga in  
were a t t r ib u te d  to  field s ta rs .
T h ere  does n o t seem  to be any evidence for a significant difference betw een th e  con tro l sam p le  e ith e r 
due to  the  increased  d isp lacem en t, or the location  inside and  ou tside  the  clouds. I t can  be concluded  th a t  
the genuine se t of cores will co n ta in  roughly  10 random  associa tions of w hich a b o u t h a lf  will be lOO^m 
only c irrus sources an d  h a lf  will have sp e c tra  ind icative  of m ain  sequence field s ta rs .
T h e  real sam p le  a c tu a lly  co n ta in ed  21 sources which consisted of: 11 lOO^m only  sources; 5 sources 
detec ted  a t  12 an d  25/rm  an d  b rig h te r a t  12pm  th a n  25 (and therefore co n sis ten t w ith  m a in  sequence 
field s ta rs ); 2  sources clearly  pea ldng  a t  a  w avelength g rea ter th a t  1 0 0 /im  (an d  d e tec ted  a t  2  o r m ore  
w avelengths); 2 clearly  peak ing  longw ord of 12^m ; and  2 clearly  peak ing  longw ord  o f 25^im.
By su b tra c tin g  th e  con tro l sam ple  from  th e  core sam ple we find th a t  th e  cores seem  to  co n ta in  a 
su rp lus o f ap p ro x im a te ly  6  1 0 0 p m  only sources, 2  sources peak ing  a t  a  w avelength  longer th a n  1 0 0 p m , 2  
a t w avelength  longer th a n  2 5 p m , and 1 peak ing  a t a  w avelength longer th a n  12pm . All o f these sources 
have an  in ten s ity  increasing  w ith  w avelength th ro u g h o u t the  IRA S w avebands.
T h e  resu lts  a re  su m m arise d  in T able 3.3. It is possible th a t  som e of th e  sources m ay be galax ies, 
as is in d ic a ted  by th e  presence o f the  galaxy  in one of the contro l sam ples. T h e  3 s tro n g es t ca n d id a te
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Table 3.3: Table sum m arising the population of associated point sources, the two control populations,
and the inferred population  of sources contained in the cores.
A ssociated  w ith  cores C o n tro l sam ple  1 C on tro l sam ple  2 C o n ta in ed  in C ore
11 100/rm  only  4 100pm  only 4 100pm  only  7 100pm  only
5 field s ta rs  5 field s ta rs  6 field s ta rs
2  sources peak  >  1 0 0 p m  ga lax y  (peak  >  1 0 0 p m ) 1 - 2  sources peak  >  1 0 0 p m
2 sources p eak  > 2 5 p m  2 sources p eak  > 2 5 p m
1 source peak  > 1 2  p m  1 source p eak  > 1 2
p ro to sta rs ; IR A S 02368+ 7453 , IRA S 07299-4644, and  IRA S 21426+6556 were n o t se lected  as galax ies 
for the  P S C z red sh ift su rvey  (W . S aunders personal co m m u n ica tio n ). How ever th e  m a jo r  p ro b lem  w ith  
using th e  sam e d a ta s e t  to  iden tify  cloud cores and  p ro to ste lla r  ca n d id a tes , is th a t  an  IR A S p o in t source 
m ight be the  cloud  core itself, (R each et al 1993). T herefore the  n u m b er of p o in t sources shou ld  be 
in te rp re ted  w ith  c a u tio n , an d  is likely to  include a num ber of ‘false p o in t so u rces’.
3.7.3 C o m p a r is o n  w i th  O th e r  W o rk
In o rder to  in v estig a te  fu lly  th e  differences betw een the  ca ta logue of cloud  cores p resen ted  here, and  
previously  s tu d ied  sam ples, I now discuss in de ta il p revious work by M yers e t al (1983), B eichm an  et 
al (1986), B ourke e t al (1995), C lem ens and  B arvain is (1988), and  W ood e t al (1992). In p a r tic u la r  I 
discuss the  ty p ica l o p tic a l d e p th , num ber density , and  p ro to ste lla r  co n ten t o f each survey.
M yers e t a l (1983) surveyed  90 cores in C 180  and  1 3 CO. U sing these o bserva tions they  show ed th a t  the 
cores’ C 180  o p tic a l d e p th  e s tim a te d  from  the  ra tio  of C 180  b righ tness to  13CO  b righ tness was reasonab ly  
tig h tly  d is tr ib u te d  a ro u n d  a m ean  of 0.35-0.45. T h e  C 180  co lum n density , N is , h ad  a m ean  o f ~  1.6 
x l 0 1 5 c m - 2  w ith  a  s ta n d a rd  d ev ia tio n  ~  1.2 x l 0 1 5 cm - 2 . T h is  led th e m  to  e s tim a te  a typ ica l N (H 2) 
colum n d ensity  of ~  1.0 x l 0 2 2 c m ~ 2. B ourke et al (1995) sp lit his sam ple  in to  a se t o f Bok g lobules, and  
a set o f cloud  cores, an d  found  th a t  b o th  se ts w here tig h tly  d is trib u te d  a ro u n d  m ean  N H 3  co lum n  d ensities 
of i o 1 4 -4 ± 0 1  and  1 0 1 4 ' 8 ± 0 1  c m - 2  respectively. These can be converted  in to  N (H 2) co lum n  densitie s  of 
5 x 102 1  an d  1.6 x 10 2 2  c m - 2  using  a typ ica l value for n (H 2) to  n (N H 3) of 2 .2 x lO 7  as seem s reaso n ab le  on 
ex am in a tio n  of the  values derived  for each core ind iv idually  from  the  m u ltitra n s itio n  N H 3  ob se rv a tio n s 
presented  in B ourke e t al (1995). All though  it is tru e  th a t  N H 3  ab undances are d ep e n d en t on ch em is try  
and evo lu tion  o f th e  clouds (e.g. Ruffle et al. 1998) it should  be em phasised  th a t  in th is  case th e  value
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used for th e  N H 3  a b u n d a n ce  is a d irec tly  m easured  one. C lem ens an d  B arv a in is  (1988) were n o t ab le  to  
derive co lum n  densitie s  for th e ir  cores, b u t in a la te r study , IRA S im ages of th e  c a ta lo g u e ’s cores were 
s tud ied  (C lem ens e t al 1991) an d  a typ ical 100 m icron op tica l d e p th  of 2.5 x lO - 4  w as derived . F rom  
th is we can  e s tim a te  a co lu m n  density  of 5.0 x lO 2 1  c m - 2  using th e  a rg u m e n ts  p resen ted  in  S ection  3.6. 
W ood e t al (1992) found  th a t  th e ir  ca ta logue had  a m ean  co lum n d ensity  ~  4.5 x 102 1  c m - 2 .
T h e  m e an  n u m b e r d en s ity  of th e  cores in each survey has also been e s tim a te d . M yers e t al (1983) 
es tim a ted  th a t  th e  ty p ica l n u m b er density  in th e ir  set of cores is n (H 2) ~  8  x 103 c m ~ 3. B ourke et 
al (1995) found  th a t  th e ir  se t o f cloud cores and  Bok globules had  ty p ica l n (H 2) n u m b e r densitie s  of 
3 x 104 c m ~ 3  an d  104 c m - 3  respectively . W ood e t al (1992) d id  n o t q u o te  a ty p ica l n u m b e r d en sity  b u t a 
value can  be e s tim a te d  from  th e ir  co lum n density  if a  typ ical rad iu s  for th e  cores is know n. W h a t value 
to use is co m p lic a te d  by th e  fac t th a t  they defined cores to  be areas w ith  v isual e x tin c tio n , A v >  4. T h is  
leads to  th e  inclusion  o f several very large cores (their largest was 329 p c 2) w hich skews th e  m ean  to  a 
value m uch  la rger th a n  the  m ed ian . I therefo re prefer to  use th e  th e  second q u a r tile  b o u n d a ry  of rad iu s , 
which is ~  0 .5pc, lead ing  to  an  e s tim a te  for th e  typ ical num ber density  of 3 x 103  c m - 3 . By using  the  
m edian  one uses a  value m ore rep resen ta tiv e  of the  m a jo rity  of cores an d  iso la tes th e  physical con d itio n s 
of the cloud cores ra th e r  th a n  la rger cloud com plexes. T h e  typ ical n u m b er d ensities o f th e  C lem ens and 
B arvainis (1988) cores, can  also  be es tim a ted  if th e  typ ical size o f the  cores is know n. C lem ens e t al 
(1991) c la im  th a t  th e  ty p ica l rad iu s  of the  cores is 0.35pc. T h is  was ca lcu la ted  from  th e  m ean  solid  angle 
of the  cores an d  an  assum ed  d is tan c e  of 600 pc. T h is d istance e s tim a te  is h igh ly  u n ce rta in . I t  was derived 
orig inally  in C lem ens an d  B arv a in is  (1988) from  two facts: firstly  th a t  th e  cores were generally  w ith in  
12 degrees of th e  G a la c tic  p lane, and  secondly th a t  the  cores had  LSR  velocities o f betw een  0 an d  10 
kilom etres p e r second. B ourke e t al (1995) argues th a t  because the  cores are seen in  ex tin c tio n  ag a in s t 
the b ackg round  s ta rs  o f the  G a la c tic  p lane th e  survey is biased tow ards d e tec tin g  cores n ea r th e  p lane  and  
a b e tte r  e s tim a te  of th e  ty p ica l d is tan ce  is 300 pc. U sing th is  value a typ ica l rad iu s  of 0 .175pc is derived, 
and a N (H 2) co lum n  d en sity  of 4.8 x l 0 3 c m - 3  is ca lcu la ted . T h is  is s ign ifican tly  h igher th a n  th e  value 
quoted  by C lem ens e t al (1991), m ain ly  due to  the  different d istance  assum ed , b u t also p a r tly  because 
I have used th e  sam e re la tio n sh ip  as W ood e t al (1992) used for ca lcu la tin g  co lum n  d en sity  from  100 
m icron o p tic a l d e p th . L em m e e t al (1996) in a  s tu d y  of a  subse t o f th e  C lem ens and  B arv a in is  cores seem  
to confirm  th e  conclusion  m a d e  here th a t  C lem ens et al (1991) m ay have sign ifican tly  u n d e re s tim a te d  
the typ ica l d en sity  o f the  cores in  the  C lem ens and B arvainis (1988) sam ple .
B eichm an  e t al (1986) s tu d ied  th e  em bedded  s ta rs  w ith in  the  se t o f cores s tu d ied  by M yers e t al (1983). 
They used th e  IR A S p o in t source ca ta logue, and  used a p riori selection  c r ite r ia  to  define em bedded  sources. 
T hey  selected  all sources d e tec ted  a t 25pm , or a t b o th  60pm  and  100pm , an d  found 35 o f th e  cores had
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IRAS sources m ee tin g  th e  se lection  c r ite r ia  while 43 had  no IR A S sources m ee tin g  th e ir  selection  c r ite r ia . 
B ourke found  th a t  27 of 76 Bok globules had  IRA S p o in t sources sa tisfy in g  th e  sam e selection  c r ite r ia  as 
B eichm an e t al (1986), an d  36 o u t o f 59 of the  cloud cores h ad  su itab le  sources. W ood et al (1992) used 
a sligh tly  d ifferen t selection  c rite r ia . T hey  first d iscarded all sources w ith  a  12pm  flux la rg e r th a n  the  
25pm  flux because th ey  were p ro b ab ly  m ain  sequence s ta rs . T hey  th en  inc luded  all sources d e tec ted  a t 
e ither 2 5 p m  or 6 0 p m , as long as they  were also detec ted  a t one o th e r  w avelength . T h ey  found  th a t  59 
ou t of 255 cores h ad  a t  least one em bedded  source. I s tud ied  all the  IR A S sources asso c ia ted  w ith  cores 
in C lem ens an d  B arav a in is  (1988). 65 cores (ou t of 248) have IRA S sources assoc ia ted  w ith  th e m  w hich 
would have passed  th e  B eichm an  et al (1986) selection criteria . I t is w orth  n o tin g  how ever th a t  a fu rth e r  
2 1  h ad  sources s im ila r  to  th e  60 m icron  only  detec tions seen in th e  sam p le  p resen ted  here, an d  th a t  they  
found a defin ite  excess o f 100 m icron  sources. T h is  confirm s the  conclusions discussed above th a t  th e re  
are a c lear excess o f IR A S sources associa ted  w ith  cloud cores w hich are n o t picked o u t by th e  B e ichm an  
et al (1986) selection  c r ite r ia . T hese  are typ ically  low lum inosity , an d  seen o ften  a t  only  one w avelength . 
It is w orth  n o tin g  th a t  they  m ay  well c o n s titu te  a  p o p u la tio n  of low lu m in o sity  or low m ass Y SO s.
S im ila r p ro p ertie s  have been derived for the  sam ple  of cloud cores p resen ted  here. T h e  h is to g ra m  
of m ean  co lum n  d en sity  for th e  60 cores is p lo tted  in F igure 3.24. T h e  sam p le  is a reaso n ab ly  tig h t 
d is trib u tio n  a ro u n d  a m ed ian  100 m icron o p tica l d ep th  of 0.19 x l 0 ~ 3  an d  therefo re  a  co lum n  d en s ity  of 
3.8 x 102 1 c m ~ 2, using  the  two a ssu m p tio n s ou tlined  in section 3.6 (specifically th a t  A v ~  2 x 104rioo and  
th a t  N H ^{cm ~ 2) ~  102 1 A \/) . T h e  m ean  is skewed high due to  a sm all n u m b e r of cores w ith  s ign ifican tly  
higher o p tic a l d ep th s . T h e  m ed ian  rad ius of th e  cores w ith  definite d is tan ces is 0 .31pc (derived  assum ing  
the cores a re  rou g h ly  sp h e rica l), and  again  th is m ean  value is skewed to  th e  h igher value of 0 .41pc. T h e  
num ber d en sity  ty p ica l o f the  cores in m y sam ple  is ~  2  x 1 0 3 cm T 3, w hen derived  by d iv id ing  th e  ty p ica l 
co lum n d en sity  by th e  ty p ica l d ia m ete rs  of the  core (when ‘ty p ic a l’ is b o th  tak en  as e ith e r th e  m ed ian  or 
the m ean  se t o f v a lu es) .
T h ere  is a  c lear excess o f IR A S sources in th e  cloud cores p resen ted  here. If one d iscards th e  100/im  
only sources, as being  an  u n ce rta in  in d ica to r of em bedded  sources it ap p ears  th a t  4 o f th e  cores have a t 
least one em bedded  source. T h e  s tu d y  presen ted  here clearly  su p p o rts  th e  a s su m p tio n s  m ad e  in prev ious 
stud ies to  d iscard  sources w ith  a  larger flux a t 12/xm th a n  25/Jm.
3.7.4 T h e  S ta r  F o r m a t io n  T im esca le
In try in g  to  d e te rm in e  th e  n a tu re  of the  IRA S po in t sources located  in th e  M yers e t al (1983) se t o f 
cores, B eichm an  e t al (1986) e s tim a te  the  life tim e of a core w ith  an  em bedded  Y oung S te lla r O b jec t. In
t  (xl() )
F ig u re  3.24: H is to g ram  of the co lum n density  of cores in th e  ca ta lo g u e  p resen ted  here.
p a rtic u la r  tw o tim escales are im p o r ta n t,  the  first being the  tim e  th a t  a  p re -m ain  sequence s ta r  is visible 
to IR A S, given its  sen s itiv ity  lim its , and  the  tim e in which such a s ta r , b o rn  w ith  a  velocity  co m p o n en t, 
will m ove o u t o f th e  core. B o th  these tim escales can  be e s tim a ted  by looking  a t  m odels o f T -T a u ri 
s ta r  evo lu tion  or assum ing  ty p ica l velocities th a t  a s ta r  will be b o rn  w ith  an d  are likely to  be a few 
10s years (B eichm an  e t al 1986, W ard -T h o m p so n  et al 1994). W ard -T h o m p so n  e t al (1994) m ake the  
im plic it a s su m p tio n  th a t  th e  cores w ith o u t p ro to ste lla r  sources or Y SO s are predecessors o f th e  cores w ith  
p ro to s ta rs , ie p res te lla r, an d  d raw  s ta tis tic a l conclusions ab o u t the  p res te lla r evo lu tion  o f th e  cloud cores; 
in p a r tic u la r  th e  tim escale  for th e  fo rm a tio n  of a cen tra l core d e tec tab le  in the  su b m illim e tre  co n tin u u m .
Follow ing th is  line of a rg u m e n t, I here try  to  infer a s ta tis tic a l e s tim a te  of th e  p res te lla r  life tim e of 
the cores s tu d ied  in  each sam p le  d iscussed above. I m ake th e  assu m p tio n s  th a t  in each survey  th e  cores 
w ith o u t em b ed d ed  sources will go on to  form  p ro to sta rs . T h e  cores w ith  em b ed d ed  sources are assum ed  
to have an  average life tim e w hich is th e  sam e in each ca ta logue and  equal to  th e  tim esca le  for a Y SO  
to be visib le to  IR A S as a source w ith  increasing flux tow ards longer w avelengths (B eichm an  et al 1986) 
ie ~  106  years. T h is  is p resu m ab ly  tru e  if each core form s s ta rs  in a single b u rs t, an d  each se t o f cores 
form s s ta rs  w ith  th e  sam e IM F . O ne can  then  es tim a te  th e  p reste lla r tim escale , ie th e  tim e  th a t  a  core 
w ith o u t an  em bedded  source will take to  form  a  p ro to s ta r. T h is  is s im p ly  expressib le  as,
No. o f cores w ith o u t em bedded sources
x 1 0  years, (3.14)
No. o f cores w ith  em bedded  sources 
where I have tak en  th e  life tim e of cores w ith  em bedded  sources to  be 10b years. T h is  is ca lc u la ted  for
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S urvey N (H 2 ) c m - 2  n ( fT )  c m - 3  Percentage p ro to s te lla r  P re s te lla r  r ( x l 0 6) years
Table 3.4: Table Sum m arising results of surveys of cloud cores.
B ourke e t al 1 .6 x l 0 2 2 3 x l 0 4 61±10 0 .6 T 0 . 1
M yers e t al 1 .2 x 1 0 2 2 8 x l 0 3 4 4 ± 7 1.3T 0.2
B ourke e t al 5 x l 0 2 1 1 0 4 36 ± 7 1 .7± 0 .3
C lem ens e t al 5 .0 x  102 1 4 .8 x  103 27 ± 4 2 .8 2 ± 0 .4
W ood e t al 4 .5 x  102 1 3 x  1 0 3 23±3 3 .3T 0 .4
Jessop 3 .8 x l0 2 1 2 .0 x 1 0 3 9 ± f 1 0 ± 4
all se ts o f cores an d  is lis ted  in T ab le  3.4. For the  cores p resen ted  in th is  w ork, on ly  th e  cores w hich are 
Jeans u n s ta b le  have been included .
3.7.5 E r r o r s  in  C a ta lo g u e s ’ P r o p e r t ie s
T he co lum n  d ensities an d  th e  nu m b er densities will have errors associa ted  w ith  th e m  due to  th e  assum ed  
fractional a b u n d a n ce  of the  tra c e r  used in the  observations. T h e  values qu o ted  are p ro b ab ly  a c cu ra te  w ith  
respect to  each o th e r  w ith in  ' 2 0  percen t (th e  erro r quo ted  earlier for the  w ork p resen ted  here), a lth o u g h  
a larger sy s te m a tic  e rro r m ay  well exist, and  due to  th e  uncerta in ty , discussed above, a b o u t th e  typ ica l 
d istance to  the  C lem ens an d  B arva in is (1998) cores, a larger error o f 40 percen t is assigned  to  th e  ty p ica l 
num ber d en s ity  derived  for th is  se t o f cores.
T h e  fra c tio n  o f cores w ith  em bedded  sources is likely to  be affected by sh o t noise, an d  in th e  ca ta logues 
where th e  n u m b e r o f cores w ith  em bedded  sources, N, is large the  lcr erro r can  be e s tim a te d  as \ /N . T h e  
presen ted  in th is  thesis  have a low p ro b ab ility  of con tain ing  an em bedded  source (i.e. on ly  four o u t o f 60 
con tain  an  em bedded  source), an d  therefore th e  error analysis an d  u n c e rta in ty  in derived  p ro p e rtie s  is 
m ore co m p lica ted . If  one considers a random  sam pling  from  a n o rm al d is tr ib u tio n  w ith  average value 16 
one finds th a t  a  sam p le  value o f 4 would be a 3a  fluc tua tion . T herefore an u p p e r lim it o f 16 cores hav ing  
em bedded  sources, is the  3cr u p p er lim it from  m y sam ple .
T h e  erro rs  q u o ted  in T ab le  3.4, are therefore a t least 20 percen t on co lum n  d en s ity  an d  nu m b er 
densities, an d  oc y /N  for th e  frac tio n a l ab u n d an ce  of p ro to ste lla r  cores, an d  th e  p re s te lla r  tim escale , w ith  
the excep tion  of th e  cores p resen ted  for the first tim e in th is thesis. For th is  se t th e  e rro r in co lum n  
density  an d  n u m b e r d en s ity  is also th o u g h t to  be 2 0  percen t b u t th e  qu o ted  erro r in th e  p ro to s te lla r  
fraction  is skewed, as is th e  erro r in the derived p reste lla r tim escale. T h e  erro rs in th e  derived  tim escales
8 6
log N(H2)
F igure 3.25: P lo t o f the  co lum n  density  ag a in st inferred p reste lla r lifespan, for various ca ta lo g u es, a  best 
fit power law  of r  oc N (H 2 ) - 1 ' 5 is also p lo tted . T h e  reduced C hi squared  erro r on th is  is 1.5.
has an a d d itio n a l c o n trib u tio n  due to  the  u n ce rta in ty  in th e  nu m b er o f cores w ith o u t sources, b u t will 
not be m ore th a n  a fac to r o f \ / 2  larger th a n  the  erro r in fractional ab u n d a n ce  o f cores w ith  em bedded  
sources. T h is  has n o t been included .
A n e rro r in th e  derived  tim escale  m ay arise because of the  assu m p tio n  m a d e  th a t  all se ts  o f cores are 
form ing a  s im ila r se t o f s ta rs  w ith  th e  sam e IM F. If one set of cores were fo rm ing  lower m ass s ta rs  th a n  
the o th e rs , th e n  b o th  th e  m a in  accretion  phase (ie the  p ro to ste lla r s tage) an d  th e  T -T a u ri life tim e m ay 
be sign ifican tly  d ifferen t in th is  set o f cores th a n  in the  o thers. Likewise if one set o f cores fo rm s s ta rs , 
not in a single b u rs t, b u t over a  tim escale sim ila r to  or g rea te r th a n  th e  life tim e of th e  Y SO s, its  derived 
lifetim e will have been s ign ifican tly  u n d e restim a ted . G iven the lack o f u n d e rs ta n d in g  su rro u n d in g  the  
p reste lla r ev o lu tio n  in  cloud  cores, and  in p a rtic u la r  the  unknow n way in w hich lu m in o sity  dep en d s on 
m ass, age an d  in itia l cond itio n s, these assum ptions are the  sim plest scenario  one can  propose an d  test.
3.7.6 D iscu ss io n
It is a p p a re n t from  th e  T ab le  3.4 th a t  the  percen tage of cores w ith  em bedded  sources decreases w ith  b o th  
co lum n d en sity  an d  the  vo lum e density  of the cores. T h e  resu lts are p lo tte d  in F igu re  3.25 an d  F igu re  
3.26.
Power law  fits to  th e  d a ta  p o in ts  were also carried  ou t, and  th e  b est fits found  were; r  oc p - ° - 8 6 ± o .i5
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F igure 3.26: P lo t of th e  n u m b e r density  ag a in st inferred p reste lla r lifespan, for various ca ta lo g u es. A 
best fit pow er law  o f r  oc n (H 2 ) - 0 ' 8 6  is p lo tted  as a  solid line. T h e  reduced  C hi sq u a red  erro r on  th is  is 
1.0. A fit show ing r  oc n (H 2 ) - 0 '5, is also presen ted , and  is clearly  u nab le  to  exp lain  th e  d a ta .
w ith  a reduced  chi sq u a red  erro r of 1.0, t  o c  n - 1 - ^ 0 -4  w ith  a  reduced chi squared  erro r of 1.5. T h e  fit 
to  th e  n u m b e r d en s ity  p lo t is clearly  b e tte r  th a n  th a t  to  the  co lum n d ensity  as can  been seen by b o th  
looking a t  th e  p lo ts  an d  th e  lower reduced chi squared  erro r on the  n u m b er density  fit.
I t is in te re s tin g  to  co m p are  the  dependance of p reste lla r tim escale  here w ith  the  a m b ip o la r  diffusion 
tim escale . E q u a tio n  2.56 show s th a t  the am b ip o la r diffusion tim escale is a  Xi, th e  io n iza tio n  frac tio n . In 
general io n iz a tio n  is caused  b o th  by u ltra  v io let rad ia tio n  and cosm ic ray ion iza tion . M ouschovias (1991), 
for the  sake of s im plic ity , uses th e  canonical value of ion ization  level w hich is assum ed  by b a lan c in g  
ion izations from  C osm ic R ays w ith  recom binations betw een electrons an d  ions. P er u n it  vo lum e the  
ion izations are p ro p o rtio n a l to  the  num ber of FI2 m olecules, n (H 2 ). T h e  reco m b in atio n s per u n it vo lum e 
are p ro p o rtio n a l to  th e  n u m b e r density  o f electrons tim es the  nu m b er d ensity  of ions, o r n (H 2 ) 2 x? so 
th a t  for s te ad y  s ta te ;
Xi oc n - 0 '5, (3.15)
which leads to  his d eriv a tio n  o f am b ip o la r diffusion tim escale being oc n ~ 0,5. T h is  tim escale  is p lo tte d  as 
a d o tte d  line in F ig u re  3.26.
M cKee (1989) how ever tr e a ts  the  ion ization  and  recom bination  in m uch fu ller d e ta il, and  in co rp o ra tes  
the role o f m e ta ls , an d  U ltra  V io le t p en e tra tio n . He derives an expression for th e  s ta r  fo rm a tio n  tim escale  
which is d ep e n d en t on b o th  n u m b er density  and  colum n density  (see his eq u a tio n  4.7, an d  his F igu re
1 w hich is rep ro d u ced  here as F igure  3.27). He concludes th a t  for A v >  4 the  cosm ic ray  io n iza tio n  
becom es d o m in a n t, an d  th a t  in th is  region the  s ta r  fo rm a tio n  tim escale  decreases ro ugh ly  as oc n -0  ' 5, 
only becom ing  close to  the  canon ical value oc n ~ 0,5 a t  very high densities. T h e  reason  for th is  s tro n g er 
dépendance o f io n iza tio n  level on num ber density  is due to  m ore th a n  one effect. A t very low densities, 
ie. below M cKees ‘c r i t ic a l’ d en sity  of 500, th e  ion ization  level is p ro p o rtio n a l to  n -1  due to  H j  ions 
d o m in a tin g  the  io n iza tio n  frac tio n . As the  density  increases th is  s tro n g  dép en d an ce  falls to w ard s the  
canonical n ~ 0,5. In th e  reg im e betw een cosm ic ray  d o m in a te d  and  u ltra  v io le t d o m in a te d  io n iza tio n , the 
s ta r  fo rm a tio n  tim esca le  is also  affected by the  am o u n t of UV ligh t p e n e tra tin g  in to  th e  core, a t te n u a tin g  
the s ta r  fo rm a tio n  by a  fac to r  oc n (—i ■ 25/A„)¿( 1 6 / Av) _ ĝee ap pencjix  B and  eq u a tio n s  e q u a tio n  4.6 an d
4.7 of M cKee (1989) for a  d eriv a tio n ). T h is  UV p en e tra tio n , w hich is n o t considered  by M ouschovias 
(1991), can  exp la in  w hy th e  tre n d  seen in th e  d a ta  for s ta r  fo rm a tio n  tim escale  is s teep e r th a n  w ould  be 
pred ic ted  by r  oc n~° °.
F igu re  3.26, show s the  b es t fit r  cc p ~ 0 86 as a solid line. I t is c lear th a t  the  d a ta  are m ore  co n sis ten t 
w ith  the  s ta r  fo rm a tio n  tim esca le  suggested  by McKee (1989), r  oc p - 0 ' 5 (p lo tte d  as a  d ash ed  line), th a n  
M ouschovias (1991) t  o c  p ~ 0 5  p lo tte d  as a  d o tte d  line. A lthough  th e  m easu red  tim esca le  decreases w ith  
density  s lig h tly  m ore quickly  th a n  M cK ee’s p red ic tion  it is consisten t w ith in  the  errors. I t shou ld  also 
be no ted  th a t  th e  increase in o p ac ity  betw een the  sets o f cores will decrease th e  s ta r  fo rm a tio n  tim escale  
and can  on ly  s teep en  the  line from  p - 0 ' 5. T h e  fact th a t  the  co rre la tio n  p resen ted  here betw een  s ta r  
fo rm atio n  tim esca le  an d  d en s ity  is so close to  th a t  suggested by M cKee s tro n g ly  im plies th a t  th e  cores 
s tud ied  are s itu a te d  in the  tra n s itio n  regim e where cosm ic rays and  UV ra d ia tio n  are b o th  im p o r ta n t.  A 
sim u ltan eo u s fit o f M cK ee’s s ta r  fo rm a tio n  tim escale to  b o th  figures 3.24 an d  3.25 seem s to  confirm  th is  
view.
3.8 S u m m ary  and C onclusions
I have p roduced  a ca ta lo g u e  of opaque regions in nearby  m olecu lar clouds, an d  derived  physical ch a r­
ac teris tics for th em . A b o u t th ree  q u a rte rs  of the  cores are bound  ag a in s t p ressu re p e r tu rb a tio n s , and  
therefore likely to  c o n tra c t u n d e r  th e ir  own self gravity . A t least 4 o u t o f 60 of th e  cores have ev idence of 
p ro to s te lla r co n ten t, as ev idenced  by a de tec tion  of an IRA S p o in t source. A fu rth e r  5 cores m ay  have ev­
idence of s ta r  fo rm a tio n  b u t th is  is am biguous due to  cirrus confusion. C om p ariso n  w ith  o th e r  ca ta lo g u es 
of o paque regions show s th a t  th e  percen tage of p ro to ste lla r regions w ith in  a  ca ta lo g u e  increases w ith  b o th  
the ty p ica l co lum n  d en sity  an d  nu m b er density  of the regions s tu d ied  in the  ca ta logue . F its  to  th is  tren d  
show th a t  if th e  cores are governed by sim ple am b ip o la r diffusion, th en  they  are n o t s im p ly  su p p o rted
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log  (Av+Ac)
F ic . I.—T he s ta r  form alion  lime scale {the lim e for llw  m olecular gas to  
he converted com pletely into stars) is plo tted  as a function o f the  to ta l ex tinc­
tion  Ay  +■ A , s  A, for the  “ s tan d a rd "  io tu ja tion  case (see discussion of eq. 
[4 .7]). T he tim e scale is shown fo r different ra tios o f the  density in n d u m p  nH 
to  the characteristic  io n c a tio n  density  rt,h; for the stan d ard  case, Jt,h =  500<5^; 
cm ‘ *.
Figure 3.27: F ig u re  1 o f M cKee 1989 show ing how the s ta r  fo rm atio n  tim escale  is d ep e n d en t on co lum n  
density  an d  n u m b e r density . A t low co lum n densities th e  s ta r  fo rm a tio n  ra te  is a t te n u a te d  by U .V . 
ion ization . As th e  co lu m n  density  increases the  U .V  ion ization  becom es less im p o r ta n t an d  th e  s ta r  
fo rm a tio n  ra te  becom es reg u la ted  by the nu m b er density  of the  gas, w ith  r  oc n - 0 '75.
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by cosm ic ray  io n iza tio n , an d  th e  canon ical ion ization  level assum ed  by (am o n g st o the rs) M ouschovias 
(1991). T h is  resu lt is how ever consisten t w ith  M cK ee’s (1989) m o lecu lar cloud  m odel, in th a t  th e  cores 
stud ied  are in th e  reg im e w ere UV and  C R  ion ization  m echanism s are b o th  im p o r ta n t.
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C hapter 4
P res te l la r  Cloud Cores
4.1 In trod u ction
In th e  p rev ious c h a p te r  I p roduced  a ca ta logue of cloud cores and  found  th a t  a  p ro p o rtio n  o f th e  cores 
were g ra v ita tio n a lly  b o u n d  an d  th a t  som e of the  cores show ed evidence of a  Y SO  co n ten t. A ny core w hich 
has fo rm ed  a young  s te lla r  o b je c t can  be sa id  to  have en tered  the p ro to s te lla r  s tage . By using  h igher 
reso lu tion  ob se rv a tio n s one can  hope to  probe the  in te rn a l s tru c tu re  of cloud  cores, an d  p u t c o n s tra in ts  
on the physical processes w hich lead to  the fo rm atio n  of cores, and  the  processes w hich will influence 
the ir ongoing  evo lu tion . A h igh  reso lu tion  con tinuum  stu d y  by W a rd -T h o m p so n  e t al (1994) show ed 
th a t a sam p le  of M olecu lar C loud  Cores had  s tru c tu re s  ind ica tive  of th e  a m b ip o la r  diffusion m odels of 
M ouschovias (1991) an d  very different from  the  singu lar cond itions p red ic ted  by Shu e t al (1987). F u rth e r  
work has show n velocity  s tru c tu re  in one of the  cores consisten t w ith  am b ip o la r  diffusion (M yers e t al 
1996), an d  in  a  s tu d y  of a n o th e r  o f the  cores K uiper et al (1996) found evidence th a t  accre tio n  o n to  the  
cores m ay  well p lay  a s ign ifican t role in the  bu ild  up  of the ir m ass, w hile a m b ip o la r  diffusion is lead ing  
to increased  cen tra l density . In th is  ch ap te r I p resent a C 180  s tu d y  of a se t o f these cores, an d  m easu re  
brigh tness te m p e ra tu re s  for several cores in o rder to  p robe fu rth e r  in to  th e  physical processes w hich 
do m in a te  th e  ev o lu tio n  of m o lecu lar cloud cores. In the  p e n u ltim a te  c h a p te r  I will p resen t a d e ta iled  
m odel o f one of these  cores.
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4.2 O b servations
T he ob se rv a tio n s were ca rried  o u t a t  th e  Jam es C lerk  M axwell Telescope (JC M T ), lo ca ted  on M a u n a  
Kea, H aw aii, on 1995 Ju ly  18th , 22nd and  25 th  17:30-01:30 HST (UT =  03 :30-11 :30), on 1996 A u g u st 
31st an d  S ep tem b er th e  1st 17:30-01:30 HST (UT =  03:30-11:30) an d  on 1996 S ep tem b er 8 th  an d  9 th  
01 .30-09.30 HST (UT =  11 .30-19 .30). Som e observations were also taken  d u rin g  flexible UK service 
observ ing  tim e  in  J a n u a ry  an d  F eb ruary  of 1997.
T h e  C 180 ( J = 3 - > 2 )  tra n s itio n  (rest frequency of 329.33 G H z), the  C 180 ( J = 2 - > 1 )  tra n s itio n  (rest 
frequency o f 219.56 G H z) an d  th e  C 1'0 ( J = 2 —>1) (rest frequency of 224.71 G H z) were all observed  
using th e  com m on  user h e te ro d y n e  receivers RxB 3i (C u n n in g h am  e t al 1992) an d  R xA 2 (D avies e t al 
1992). T h e  JC M T  H P B W  is 19 arcsec a t 220GHz and  14 arcsec a t 330G hz. D oub le-sid eb an d  system  
te m p e ra tu re s  were 2000-12000 K for th e  receiver B an d  480K for receiver A observa tions. T h e  backend  
used was a  d ig ita l au to -c o rre la tio n  spec trom eter, w ith  a reso lu tion  of 378kH z and  95 kHz p er channel, 
for the J = ( 3 —>2) an d  J = ( 2 —>T) tran s itio n s  respectively, co rrespond ing  to  0.34 k m s-1  a t  J = ( 3 —>-2) and  
0.13 k m s-1  a t J = ( 2 —>1). D a ta  reduction  was carried  o u t using th e  SPECX  package (P a d m a n  1990).
Tw o ty p es o f ob se rv a tio n s were carried  o u t th ro u g h o u t th e  observ ing  run  in o rd er to  check th e  
perfo rm ance of th e  telescope. T h e  first type  of observations were regu la r p o in tin g  checks. T hese  are of 
b righ t sources observed  using th e  con tin u u m  backend. F ive observa tions are m ade, one a t  th e  expected  
position  of th e  b rig h t source, an d  4 offsets. T h is  is know n as a ‘five p o in t’ o r ‘p o in tin g  o b se rv a tio n ’. If 
the te lescope is p o in te d  co rrec tly  the  cen tra l position  should  be b rig h te r th a n  the  offsets, w hich sh o u ld  all 
have th e  sam e b rig h tn ess . A n a u to m a tic  fitting  ro u tin e  gives th e  offset o f th e  te lescope from  th e  source 
which is recorded  in  th e  observ ing  log. In  o rder to  try  and  ca lcu la te  th e  accuracy  to  w hich th e  te lescope 
was p o in tin g  th e  ab so lu te  offset value for all the  po in tin g  observations are p lo tte d  ag a in s t tim e  in F igu re  
4.1. W e can  see th a t  a t  w orst th e  p o in tin g  was accu ra te  to  w ith in  5-6 arcseconds.
T h e  second ty p e  of o bse rva tions carried  o u t were used to  check the  overall p e rfo rm ance  o f th e  te lescope 
when observ ing  a p a r tic u la r  sp e c tra l line. Once the  receiver has been tu n ed  to  th e  co rrec t frequency  a 
visible s ta n d a rd  source was observed. T h is  is know n as ‘sam pling  a  s ta n d a r d ’. T h is  sp e c tru m  could  th en  
be co m p ared  to  an  ava ilab le  p red ic ted  sp ec tru m  for the  s ta n d a rd  source. For a perfec tly  perfo rm in g  
telescope th e  tw o shou ld  be th e  sam e. T h e  ra tio  T pk (m e a su re d ) /T pk (s ta n d a rd ) can  be used as a  m easu re  
of the  p e rfo rm an ce  of the  receiver system s (eg: for a perfectly  perfo rm ing  te lescope th is  value shou ld  
be 1). In F ig u re  4.2 the  m easu red  values of T pk(m e a su re d ) /T pk (s ta n d a rd )  for all th e  C 180 ( J = 2 —>1) 
and C 180 (J= 3 -> -2 ) ob se rv a tio n s taken  th ro u g h o u t the run  are p lo tted . For C 1S0 (J = 2 -> T )  the  m easu red  
value of T pk(m e a s u re d ) /T pk(s ta n d a rd )  varied betw een 0.85 and  1.0 an d  for C 180 (J= 3 -> -2 ) th e  m easu red
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value T pk (m e a su re d ) /T p k (s ta n d a rd )  varied betw een 0.6 and  0.8 in th e  first run  an d  0.5 an d  1.0 in the  
second run .
As n o te d  in th e  JC M T  A stronom ers M anual (M athew s 1994) th e re  are several reasons w hy the  
observed sp e c tra  m ay  be less b rig h t th a n  expected . T h e  m ost relevant to  these  o bserva tions were p ro b ab ly  
varia tions in  the  sky opacity , p o in tin g  errors, focusing errors an d  in te rn a l p rob lem s w ith in  th e  receiver. 
In accu ra te ly  p o in tin g  th e  te lescope tow ards a com pac t source leads to  a fall in the  observed  b rig h tn ess  
(16% a t  0.25 b ea m  of the  source .) S im ilarly, a  focusing error will lead to  th e  observed b rig h tn ess  falling  
(0 .5m m  erro r in z p o sitio n  leads to  a 10% fall a t 345G H z.) B o th  of these erro rs could  lead  to  a  fall in 
the observed b rig h tn ess  of co m p ac t s ta n d a rd  sources, b u t would n o t sign ifican tly  reduce th e  observed  
b righ tness o f ex ten d ed  sources.
‘Sky v a r ia tio n s ’ are due to  th e  a tm ospheric  opac ity  chang ing  w ith  tim e  betw een  ca lib ra tio n  m e asu re ­
m ents. For c a lib ra tio n  of sources th is  can lead to  a  6% varia tio n  in th e  observed b rig h tn ess  o f sources in 
good con d itio n s an d  up  to  a  fac to r  o f 2 varia tio n  in poor cond itions. In te rn a l p rob lem s w ith  th e  receivers 
can also occur an d  it is believed th a t  in the  first observing run  the re  were such p ro b lem s w ith  receiver 
B3i. B o th  o f these erro rs m ay  b o o st as well as reduce the observed b righ tness o f sp e c tra  o f co m p ac t an d  
ex tended  sources.
If th e  th e  d o m in a n t e rro rs are po in tin g  and focusing one w ould expect th e  v aria tio n s  observed  in 
the s ta n d a rd  co m p ac t source sp e c tra  to  n o t affect the  sp e c tra  o b ta in ed  for th e  ex tended  cores. If  the 
d o m in a n t erro rs a re  in te rn a l receiver p roblem s and  sky varia tio n s th en  a co rrec tion  has to  be app lied  
to co rrec tly  c a lib ra te  th e  sp e c tra  observed. If the varia tions in F igure 4.2 are due to  these  e rro rs then  
the C 180 ( J = 2 —>1) sp e c tra  observed  would have been sy stem a tica lly  reduced by ~  0.95 ±  0.05 an d  the 
C 180 ( J = 3 —>2) sp e c tra  w ould have been sy stem a tica lly  reduced by ~  0.7 ±  0.1 in th e  first ru n  an d  a 
fac to r o f 0.7 ±  0.43 in  th e  second run.
4.3 D a ta  R ed u c tio n
T he d a ta  o b ta in e d  were e ith e r  in the form  of a single p o in ted  sp ec tru m , or a  series o f sp e c tra  a t  d ifferent 
positions w hich could  be b u ilt up  in to  a d a ta  cube- essentially  a  m ap  w ith  velocity  in fo rm atio n . In b o th  
cases th e  basic  d a ta  fo rm a t o b ta in ed  is a  sp ec tru m  whose in tensity  is given in te rm s of th e  a n te n n a  
te m p e ra tu re  T*. T h ese  sp e c tra  were ca lib ra ted  regularly  using the  the  s ta n d a rd  chopper wheel m e th o d  
(K u tner an d  Ulick 1981).
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F igure 4.1: P lo t o f all th e  p o in tin g  observa tions th ro u g h o u t the  en tire  69 hou rs o f O bservations. In  ru n  
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F igure  4.2: P lo t o f ca lib ra tio n  values for th e  C 180  ( J = 2 -» l ) a n d  C 180 ( J = 3 —>2) tra n s itio n s  th ro u g h o u t 
the observ ing . In run  1 ( l-2 4 h rs )  the m easured  C 180 (J= 3 -> -2 ) in ten sities  of s ta n d a rd  sources was 0.7 ±  
0.1 tim es th e  p red ic ted  value an d  the C 180 ( J = 2 -> 2 )  was 0.95 ±  0.05 tim es the  p red ic ted  value. In run  
2 the C 180 ( J = 3 —>2) was 0.7 ±  0.3 tim es w h a t was pred ic ted .
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T h e  JC M T  te lescope has a  response to  sky surface b righ tness w hich is d irec tio n a l, th is  d irec tio n a lity  
can be ch a rac te rised  in  te rm s  o f the  power p a tte rn  of the  an te n n a  (R ohlfs 1986). T h is  m eans th a t  the  
telescope is n o t perfec tly  coup led  to  the  source (i.e. the received in ten s ity  a t  receiver in p u t is a  sp a tia l 
convolu tion  o f th e  pow er p a t te rn ,  and  th e  b righ tness p a tte rn  in the  sky - eqn 5.49 o f R ohlfs 1986) , an d  
a co rrec tion  fac to r 77 h as  to  be app lied  in o rder to  ca lcu la te  th e  ra d ia tio n  te m p e ra tu re  o f th e  source T r . 
T his coup ling  c o n s ta n t is d ep e n d en t on the  sp a tia l ex ten t o f the  source.
T h e  a n te n n a  b rig h tn e ss  te m p e ra tu re  T* is m ostly  com m only  converted  in to  e ith e r th e  s ta n d a rd  m a in  
beam  b rig h tn ess  ra d ia tio n  te m p e ra tu re  T mb or th e  rad ia tio n  te m p e ra tu re  T r (S ta rk  e t al 1996). T hese  
are re la ted  as follows:
T mb =  T ' J v b  (4.1)
Tr =  r j t y . ,  (4.2)
w here t]b  is th e  coup ling  efficiency of a  source filling the  m ain  b eam  an d  rj(ss is the  coup ling  efficiency
of an ex ten d ed  source  th e  size of th e  m oon  to  th e  telescope a n te n n a  p a t te rn  (M athew s 1994). In  th is
case th e  sources were ex p ected  to  be considerab ly  m ore ex tended  th a n  th e  m a in  b eam  b u t sign ifican tly  
less ex ten d ed  th a n  th e  m oon , w hich is used to  ca lcu la te  r]{ss.
O ne can  fu rth e r  tak e  in to  accoun t th e  corrections discussed in th e  section  above an d  using  th e  sug ­
gested values 77b = 0 .69± 0.01 , ?7fss= 0 .8 ± 0 .0 5 , for receiver A and  77b = 0 .58± 0.03  , 77fss= 0 .7 ± 0 .1  for receiver 
B (JC M T  fac t sheet) we ge t th e  follow ing equa tions for receiver A:
T mb =  T J 0.65 ± 5 %  (4.3)
Tr =  T ' J 0.76 ± 6 %  (4.4)
and for receiver B (in th e  first run ):
T mb =  T * /0 .4  ±  10% (4.5)
Tr =  T J 0.5 ± 2 0 %  (4.6)
In the  follow ing sections w hen the resu lts are p resented  they  are given in te rm s  of T* b u t the  m ode ling  
presen ted  in c h a p te r  5 th e  b es t com parison  is m ade by converting  values to  T mb-
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Table 4.1: Sum m ary of spectral line observations in un its of T *(I\)
Core C 180  (J= 2 -» -l) C 180  (J= 3 -> 2 ) C 170  ( J = 2 —>•!)
L183 1.9 ±  0 .07(m ap) <  3.3
L1689A 2.6 ±  0 .07(m ap)
L1689B 3.73 ±  0 .05(m ap) 2.0 ±  0 .2(m ap) 1.8 ±  0.14 (m ap)
L63 2.1 ±  0 .07(m ap) <  2.7
B133 1.56 ±  0 .04(m ap) 0.63 ± 0 .3
L134 <  2.7
L I 544 1.1 ±  0.08
L1517B <  2.5
L1517A <  2.5
L1512 <  2.1
4.4 Single S p ectra
I began  by observ ing  ten  cores d e tec ted  in the  con tinuum  by W ard -T h o m p so n  et al (1994), an d  found  
th a t  six  were d e tec ted  in e ith e r  the  C 180  (J = 2 — 1) or th e  C 180  (J= 3 -> 2 )  tra n s itio n . L1689B w as also 
sam pled  in  C 170  (J= 2 -> 1 )  as th is  is an  even rarer iso tope of ca rb o n  m onoxide.
T ab le  4.1 p resen ts th e  resu lts  of these observations, for each core an d  tra n s itio n  sam p led . E ith e r 
a  3d  u p p e r lim it is p resen ted  o r th e  detec ted  value of T *(peak) is p resen ted  w ith  an  e s tim a te  of the  
single channel lcr erro r. T h e  cores w hich were m ap p ed  are in d ica ted  in th e  tab le , an d  th e  b rig h te s t 
value of T * (p eak ) in  the  m a p  is p resented . F ive o u t of five cores were d e tec ted  in C 180  (J = 2 —>■ 1) w ith  
T * (peak) =  1.5-3.8K . T h re e  o u t o f N ine cores were detec ted  in C 180  ( J = 3 —>2) w ith  T * (p eak ) =  0 .6 -2 .OK, 
and th e  u p p e r lim its  were 2 .1-3.3 K for th e  o th e r six.
4.5 M ap p in g  D a ta
Five m ap s were m a d e  of cores in  C 180  ( J = 2 —>T), while L1689B was also m a p p ed  in  C 0  ( J = 3 —>-2) and  
C 170  ( J = 2 —>1). D a ta  cubes w ere m ade from  the  sep ara te  sp e c tra  using S P E C X . T h is  allow s one to  m ake 
m aps of the  b righ tness te m p e ra tu re  of the  sources for d ifferent velocity  slices.
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4.5.1 D a t a  A n a ly s is
T he in s tru m e n t noise can  be characterized  by looking a t th e  v a ria tio n  in  signal from  ch an n el to  channel 
a t a d ifferen t frequency  from  th a t  o f the  sp ec tra l line. O ne can  use th e  s ta n d a rd  d ev ia tio n  o f these  values 
as a m easu re  of th e  l a  noise in each channel and  hence as an  erro r on T * (p e ak ). If  we w ish to  in te g ra te  
the signal across a  velocity  ran g e  (or num ber of channels, n) -say to  get the  to ta l s igna l from  th e  whole 
line, th en  th e  l a  v a r ia tio n  in  th is  value should  be a /y / n  .
H ow ever two m a in  p rob lem s becam e ap p a ren t which needed a m ore d e ta iled  tre a tm e n t o f th e  noise. 
F irs t frequency  sw itch ing  w as availab le for receiver B observa tions. T h is  w as used because tw ice as 
m uch tim e  is sp e n t ‘on  so u rce ’ com pared  to  the s ta n d a rd  p osition  sw itch ing , the re fo re  g a in in g  a  y/2 
im provem en t in signal to  noise. U n fo rtu n a te ly  th is  technique also p roduces a s inuso idal-like  baseline 
w ith  sh o rt w aveleng th  due to  in te rn a l reflections w ith in  th e  DAS. T h is  co n trib u te s  to  th e  u n c e r ta in ty  in 
T*. S econdly  w hen m a p s  are m ade  one w ants to  o b ta in  a good e s tim a te  of th e  ty p ica l noise fea tu res. 
C learly  th e  m ore p o in tin g s  in  th e  m ap  the  la rger the typ ica l range of noise fea tu res. B ecause o f these 
problem s an  ex tension  of th e  s im ple  channel to  channel e s tim a to r  o f noise was developed  for th e  m aps.
O ne shou ld  be aw are  th a t  the  m aps observed of the m olecu lar b righ tness  are a co m b in a tio n  o f the  
real s tru c tu re  p lus noise s tru c tu re , therefore before in te rp re tin g  a s tru c tu re  as real it is im p o r ta n t  to  
try  to  q u an tify  th e  ty p ica l noise s tru c tu re  one expects in the  m ap . A gain  because th e  line observed 
occurs over a  sm a ll p a r t  o f th e  DAS b an d w id th  one can q u an tify  the  noise by ana lysing  the  off sp e c tru m  
signal. O ne can  for ex am p le  m ake several rea lisa tions of th e  m aps off the  sp e c tra l line w hich will reveal 
the ty p ica l noise s tru c tu re s . A key p a ra m e te r  is the b righ tness difference betw een  th e  m in im u m  an d  
m a x im u m  pixels- ie th e  p eak  to  peak  noise.
Several m a p s  were m ad e  a t  frequencies off the spectra l line, sp an n in g  the  sam e velocity  ran g e  ( i v), b u t 
a t different velocity  offsets an d  h is to g ram s were p lo tted  of th e  difference betw een m a x im u m  an d  m in im u m  
fea tu res in  these m ap s . T h e  d is trib u tio n  of th is p a ra m e te r  was found n o t to  be G au ss ian . T h is  process 
was th en  rep e a te d  for d ifferen t values of the  velocity range. G enera lly  w hen th e  noise is to ta lly  ra n d o m  
we w ould expect a  oc l / y / S v  w here Sv  is the  velocity range. As an  e s tim a te  of the  average fea tu res  seen 
in the noise m ap s, th e  average value of (T max — T min) was used.
R esu lts  for th e  L1689B C 180  ( J = 2 —>1) and  C 180  (J= 3 -> 2 )  m aps are p resen ted  in F ig u re  4.3. T h e
C 180  ( J = 2 —>1) m a p  w as m ad e  using position  sw itching. T h e  C 180  (J= 3 -> 2 )  using frequency  sw itch ing . 
In b o th  cases th e  average values of (T max -  T min) decreases w ith  increasing  iv .  For b o th  cases the
resu lts o b ta in e d  for noise m a p s  redsh ifted  off the  line (the  crosses) and  b luesh ifted  off th e  line (the
Plo t o f T range a g c in s t V e loc ity  w idth P lo t o f T range a g a in s t V e loc ity  w idth
Figure 4.3: E x am p le  of ty p e  o f g rap h s p roduced  to  help set con tours. T h e  g rap h  show s th e  average value 
of the  te m p e ra tu re  range  found  in noise m aps T range ag a in st th e  velocity  w id th  in te g ra te d  over. T h e  
first g ra p h  show s th e  resu lts  for th e  L1689B C 180  ( J = 2 —>1) m ap  an d  th e  second for th e  L1689B C 180  
(J = 3 —>-2) m a p . In  b o th  m a p s  the  tr ia n g u la r  sym bols show the  average resu lts  for m ap s m ad e  in th e  range  
-4.0 k m /s  to  1.0 k m /s  an d  th e  crosses show the  m aps in th e  range 6.0 k m /s  to  11.0 k m /s  (b lue sh ifted  
and red sh ifted  from  the  line respectively ). A T range oc v 0,5 fit is given for b o th  cases.
triang les) are  p resen ted . In b o th  cases one can see th a t  the  redsh ifted  m a p s  are noisier, possib ly  du e  to  
an increase in receiver efficiency d ependen t on the position  chosen in the DAS b an d w id th . In  b o th  cases 
a  (T max — T min) cc l/v /ihv  fit is show n. T h e  C 180  (J = 2 —>■ 1) position  sw itched  m a p  follows th is  tre n d  for 
all dv , b u t th e  C 180  (J = 3 —>-2) m a p  (frequency sw itching) has a  fla tte r  (T max — T mjn ) for sm all 6v.  T h is  
illu s tra te s  the  w ell-know n fac t th a t  frequency sw itching produces sm all scale w avelets due to  in te rn a l 
reflections. T h e  p o in t a t  w hich th e  fit breaks away from  the  observa tions in d ica tes  th e  velocity  range  
over w hich th e  w avelets are coheren tly  organised . T hey  are no t regu la rly  spaced and  it is n o t possib le 
to  fit a  sinuso ida l baseline. T h is  lim its  th e  effectiveness of using frequency  sw itch ing  for h igh  velocity  
reso lu tion  work.
In th e  m a p s  co n s tru c te d  of C 180  em ission the  con tour in te rval used w as th e  average value of T max -  
T min m easu red  in th e  noise m ap s . W e will refer to  fea tures which are on ly  one co n to u r in heigh t as one 
con tour fea tu res . T h is  m eans th a t  a lthough  one-contour fea tu res occur in  noise m a p s  c o n s tru c te d  off the 
sp ec tra l line, tw o co n to u r fea tu re s  rarely  do, and  can  be in te rp re ted  as being  real w hen observed . In 
order to  use th e  full velocity  in fo rm atio n , channel m aps were p roduced  (ie several m ap s were co n s tru c ted  
by in te g ra tin g  over a velocity  less th a n  the line w id th ). For sm all velocity -range m ap s the  noise is often  
so high as to  d row n o u t any  fea tu res. In such cases I increased iv  (and  ad ju s te d  th e  co n to u r levels used 
in the  m a p  accord ingly) u n til a t least one of the  channels con tained  doub le  co n to u r fea tu res, or u n til Jv  
encom passed  th e  w hole line (th is  process is effectively trad in g  velocity  reso lu tion  for signal to  noise).
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4.5.2 C lsO ( J = 2 - > 1 )  m a p s  of F o u r P r e s te l l a r  C ores
D a ta  re la tin g  to  B 133, L183, L63 and L1689A are presen ted  in th is  section. I ana ly sed  th e  m a p s  in  the  
following way.
•  I p ro d u ced  T range a g a in s t ¿v p lo ts  for noise m aps in each case.
•  I in sp ec ted  th e  line profiles to  see if th e  lines were single co m p o n en t G aussians.
•  C h an n e l m a p s  o f sm all i v  (0 .2 k m /s) were m ade using th e  a p p ro p ria te  co n to u r levels.
•  If th e  m a p s  were fea tu re less (sw am ped by noise) then  5v  was increased , losing velocity  reso lu tion  
b u t increasing  signal to  noise.
•  I rep e a te d  th is  p rocedu re  up  to  th e  p o in t w here 6v  was th e  sam e as th e  line w id th  o f th e  cen tra l 
sp e c tru m .
T h is  reason  for using  th is  p rocedu re  was to  o b ta in  m aps w ith  as high velocity  reso lu tion  as possib le 
given th e  signal to  noise. T h e  p rocedu re  essentially  s ta r te d  w ith  the  h ighest velocity  reso lu tio n  o b ta in ab le , 
b u t th e  low est s igna l to  noise, an d  decreased the  velocity reso lu tion  u n till a  sign ifican t a m o u n t o f signal 
to  noise in th e  m a p s  was o b ta in ed . For B133, th e  value of iv  h ad  to  be increased  to  cover th e  w hole line 
w id th . T h e  m a p  (F igu re  4.4) seem s to  have a ridge of high in tensity  ru n n in g  east-w est. T h is  fea tu re  has 
a b rig h tn ess  v a ria tio n  tw ice th a t  seen due to  noise alone.
For L183, th e  value of Sv  h ad  to  be increased to  cover the  w hole line w id th . T h e  m a p  (F ig u re  4.4) 
seem s to  show  th ree  peaks one a t  10 arc seconds to  the  n o rth  of the  m a p  cen tre; one 20 arc seconds to  the 
sou thw est; an d  one 35 arc seconds to  the ea s t-n o rth ea s t. T hese th ree  fea tu re s  are b rig h tn ess  v a ria tio n s  
typ ically  seen due to  noise alone.
For L63 (F ig u re  4 .5 ), th e  value of 5v  was increased to  cover th e  line w id th . I t seem s to  show  a ridge 
runn ing  n o r th  so u th , an d  the  b righ tness varia tio n  across the  ridge is ap p ro x im ate ly  tw ice th a t  seen due 
to  noise alone.
T h e  L1689A  m a p  had  th ree  sp ec tra l com ponen ts. A m ap  show ing the  observed sp e c tru m  a t  each 
po in t is p resen ted  (F igu re  4 .5). A channel m ap  show ing the in te g ra te d  in ten s ity  of th e  th ree  co m p o n en ts  
is also show n (F igu re  4.6). T h is  m ap  seem s to  show the  3 .4 k m /s  co m p o n en t peak ing  to  th e  so u th , the  
4 .2 k m /s  co m p o n en t to  th e  n o r th  an d  the  5 .O km /s com ponen t peak ing  to  th e  n o rth  west. T hese  fea tu res
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Mop centre RA 19 03 27.28, D ec.-06  56 59.98 1183 Mop centre RA 15 51 37.68. D ec.-O? 4? 19.00
1 ?.55: Max: 1.24; Min: 0.99 K To avcrgqcd : 2.35 to 3.15; Max: 1.07; Min: 0.65 K
-0 .1 5  K Contour Trrtl: 0.30; Bose level - 0 .3 0  K
F igu re  4.4: C 180  ( J = 2 —>1) m aps of B133 an d  L183.
are b rig h tn e ss  v a ria tio n s  respectively  5, 2 an d  3 tim es la rger th a n  th e  v a ria tio n s  seen due to  noise alone. 
T h e  m a p s  a t  2 .6 k m /s  an d  5 .8 k m /s  are m aps off th e  line an d  show  noise fea tu res  only.
In  these  fou r m a p s  th e  cores are clearly  detec ted . Even th o u g h  som e v a ria tio n s  in  su rface  b rig h tn ess  
is d e tec ted , these  v a ria tio n s  are sm all co m p ared  to  th e  average surface b righ tness. C onseq u en tly  I have 
no t d e tec ted  la rge su rface b rig h tn ess  v aria tio n s  in  these four ob jec ts . T h is  m ay  in d ic a te  a  genu ine lack 
of d ensity  v a r ia tio n , o r it m ay  m ean  th a t  th e  observed sp ec tra l lines are o p tica lly  th ick  in  these  sources.
4.5.3 L 1689B  M a p s  in T h r e e  T ran s i t io n s
L1689B w as fo u n d  to  be considerab ly  b rig h te r th a n  any o f th e  o th e r  cores. C 180  ( J = 3 —>-2), C 180  
( J = 2 —>1) an d  C l r O ( J = 2 —>1) m ap s were m ade  an d  are p resen ted  here. T h e  m a p s  were reduced  in  the  
sam e way as in  th e  p rev ious section . T h e  C 180  (J = 3 —>2) m a p  (F igure 4.7) had  to  be in te g ra te d  over the  
en tire  line w id th  in  o rd er to  increase th e  signal to  noise. O ne can  see th a t  th e re  seem s to  be a b ro ad  peak  
on th e  cen tre  o f th e  m a p , w hich d isp lays a b righ tness v a ria tio n  typ ica lly  tw ice as la rge  as th o se  seen due 
to  noise alone. C 170  ( J = 2 —>-1) d isp lays hyper-fine sp littin g . T h is  leads to  a b ro ad en in g  o f th e  line. In 
general tw o d is t in c t velocity  co m p o n en ts  were resolved. In o rder to  increase th e  signal to  noise th e  m a p  
presen ted  in F ig u re  4.7 was in te g ra te d  over th e  velocity  range 2.4 to  4.5 k m /s , th u s  encom passing  b o th  
of the  velocity  co m p o n en ts . A gain  th e re  seem s to  be som e peak ing  on cen tre  b u t here th is  ex ten d s  well 
ou t to  th e  ea s t an d  so u th , an d  th e  v a ria tio n  in the  surface b righ tness is aga in  only  tw ice th a t  seen due 
to  noise alone.
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F igure  4.5:
RA ollael(orcaec) from 16 47 19.38
I63c 18o Mop centre RA 16 47 19.38, D e c .-18 01 15.98
To ovcrgqcd : 5.20 to 5.80; Mox: 1.31; Min: 0.75 K




JV* h h.iMi “r*wy(
'30 20 0 0 -10 -20 
k offaot(arcaec) from 16 29 10.48
Mop centre RA 16 29 10.¿8, Dec.- 2 4  57 22.00
C 180  (J = 2 —>-1) m a p  of L63 an d  g rid -sp ec tru m  m ap  o f L1689a show ing velocity  confusion .
10 0 - 1 0  
R.A. o f fs e t (a rc s e c )  fro m  16 29  1 0 .4 8
I 1 6 8 9 o c o  Map cen tre  RA 16 29 10 .48 ,  D ec .- 2 4  57  2 2 .0 0
Ta ave raqed  in channe ls  of wid th 0 .80  f ro m  2 .2 0  to  6 . 4 0 k m /  
C o n to u r  inti : 0 .25 ;  Base level —0 .25  K
F igu re  4.6: C 180  ( J = 2 —>1) channel m a p  of L1689a.
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F ig u re  4.7: C 180  (J= 3 -> 2 )  an d  C 170  ( J = 2 —»■!) m a p  o f L1689B.
T h e  C 180  ( J = 2 —>-1) m a p  (F igure  4.8) was found  to  have high enough signal to  noise to  show  s tru c tu re  
w hen in te g ra te d  over a  velocity  range  of only 0 .2 k m /s . T h e  m a p s  c o n s tru c te d  w hich were b lue sh ifted  
from  th e  average line cen tre  ( >  3 .7 k m s_1) peaked  on the  co n tin u u m  centre. H ow ever th e  red sh ifted  m a p s  
seem ed to  p eak  to  th e  ea s t an d  w est. A lth o u g h  th is  m a p  is th e  only  one co n s tru c te d  w hich d isp layed  a 
s tru c tu re  sign ifican tly  above th e  noise, th e  surface b righ tness in th is  m a p  s till has  a  low d y n a m ic  range  
(as is i l lu s tra te d  in  th e  follow ing section).
4.6 S u m m a ry  o f  th e  L 1689B  O bservations.
T here  is a  very  large a m o u n t o f d a ta  (several ind iv id u al p o in tin g s a t  d ifferen t p o sitio n s for d ifferen t 
tra n s itio n s  an d  iso topes, each o f w hich has velocity  in fo rm atio n ) in each m ap . In  o rd er to  fa c ilita te  
a co m p ariso n  w ith  spherica lly  sy m m etric  m odels o f th e  cores, th e  C 180  ( J = 2 —>T) an d  C 180  ( J = 3 —>-2) 
sp e c tra  o f L1689B , observed  a t  th e  sam e an g u la r d isp lacem en t from  th e  cen tre  o f th e  core were co m p ared .
A ce n tra l p o s itio n  7 arc seconds to  the  west o f th e  co n tin u u m  peak  was chosen as th e  core cen tre , due 
to  th e  fa c t th a t  th is  w as w here th e  C 180  ( J = 2 —>■ 1) seem ed to  peak . T h is  difference is li t t le  m ore  th a n  
the  p o in tin g  erro r of th e  JC M T  (as show n in F igure  4.1). In te rm s o f an g u la r d isp lacem en t from  th e  
centre, th e  m a p s  co n ta in  in  each tran s itio n : 2 sp e c tra  a t  7 arcseconds; 4 a t  16 arcseconds; an d  2 each a t 
22, 26 an d  32 arcseconds d isp lacem en t. T h e  resu lts  o f th e  com parison  are p resen ted  in F igu re  4.9. For 
the 4 d isp lacem en ts  w hich h ad  2 sp ec tra , erro r bars jo in in g  the  tw o in ten sitie s  are  show n, w hile for th e
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11 6 8 9 b 2 1 Map cen tre  RA 16 31 4 6 .9 8 ,  Dec. —2 4  31 4 5 .0 0
Ta ave raged  in channe ls  o f  wid th 0 .2 0  f ro m  2 .9 0  to  4 . 7 0 k m /  
C o n to u r  int i:  0 .70 ;  Base level —0 .7 0  K
F ig u re  4.8: C 180  (J = 2 —J-l) channel m a p  of L1689b.
d isp lacem en t w hich h ad  4 sp e c tra , th e  average and  s ta n d a rd  d ev ia tio n  were ca lcu la ted  an d  are  p lo tte d  
as th e  in te n s ity  an d  erro r. E q u a tio n  4.3 and  4.5 were used to  convert th e  m easu red  T *  in to  T m b-
T h e  C 180 ( J = 2 —> l)T mb(peak) varies betw een 5 .OK and  6 .OK, and  th e  C 180 ( J = 3 —>2) T mb(peak) varies 
betw een 3.8K  an d  4 .8K . T h is  range  in  in ten sities  is l it tle  m ore th a n  th e  re la tiv e  c a lib ra tio n  erro rs  (see 
F igure 4.2 an d  d iscussion  in te x t o r erro r bars on equ a tio n s 4.3 and  4 .5). H ence one can su m m a rise  th e  
C ls O o b se rv a tio n s o f L1689B as hav ing  3 m ain  p roperties:
•  T h e  C 180 ( J = 2 —>1) T mb(peak) a t  th e  cen tre is 5.5K .
•  T h e  C 180 ( J = 2 —>1)(32” ) /  C 180 (J = 2 -> 1 ) (c e n tra l)  ra tio  =  1.0 ±  0.1.
•  T h e  C 180 ( J = 3 —>2)(c e n tra l) /  C 180 (J = 2 -> 1 ) (c e n tra l)  ra tio  =  0.78 ±  0.09.
T hese values are o b ta in e d  from  F igure  4.9 w hich gives m ore reliab le resu lts  th a n  th e  grey scale, co n to u r 
m ap s p ro d u ced  by S P E C X . T hese  m easu rem en ts  on th e ir  own can  be used to  p u t s tro n g  c o n s tra in ts  on 
the  m odel of L1689B p resen ted  in  th e  nex t ch ap te r. L1689B was also m ap p ed  in C 180 ( J = 2 - a 1 ). T h e
hyper fine sp li t t in g  o f the  line was resolved b u t th e  signal to  noise o b ta in ed  was n o t high enough for a






















L1689 CO 2 —1 7 arcseconds from  centre. L I 689 CO 3 —2 7 a rcseconds fro m  centre
V (k m /s )
L1689 CO 2 -1  16 arcseconds fro m  centre.
V (k m /s )
L1689 CO 2 - 1  22 orcseconds from  centre.
V (k m /s )
L1689 CO 2 —1 26 arcseconds from  centre.
V (k m /s )
L1689 CO 2 - 1  32 arcseconds fro m  centre.
V (k m /s )
L1689 CO 3 - 2  16 arcseconds fro m  centre
V (k m /s )
L1689 CO 3—2 22 arcseconds fro m  centre
V (k m /s )
L1689 CO 3 - 2  26 arcseconds from  centre
V (k m /s )
LI 689 CO 3 - 2  32 arcseconds fro m  centre
V (k m /s ) V (k m /s )
F ig u re  4.9: A zim u thally  b inned  sp e c tra  of L1689B.
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4.7 C onclu sion s
High reso lu tio n  m a p s  an d  observa tions of m olecu lar cloud cores o b ta in ed  a t  th e  JC M T  have been  p re­
sen ted . A d e ta iled  ana ly sis  o f the  ca lib ra tio n  of the  observa tions was described . C 1S0 ( J = 2 - > 1 )  was 
detec ted  in  5 o u t o f 5 cores an d  (J= 3 -> 2 )  was detec ted  in 3 o u t o f 9. M aps m a d e  of th e  ce n tra l 20 to  50 
arcseconds o f 4 cores shows th a t  on these scales the  cores have a  re la tive ly  c o n s ta n t C 180  su rface  b r ig h t­
ness. A lth o u g h  th e re  is li t t le  evidence for in te rn a l s tru c tu re  on these scales, th e  in ten sitie s  m easu red  and  
the su rface  b rig h tn ess  g rad ien ts , are m easu rem en ts  w hich can be used to  p u t lim its  on th e  m odels o f the  
cores. For th e  b rig h te s t core, L1689B, and  the  one w hich seem ed to  show  m o st ev idence of spherical 
sy m m etry  an d  of in ten s ity  v a ria tio n , these values were m easured  by a z im u th a lly  b in n in g  th e  sp e c tra . 
T hree  key p a ra m e te rs  were derived  for th is  core (which will be used in th e  n ex t ch a p te r  to  co n s tra in  
physical m odels): th e  T ( J = 2 - * 1 )  brigh tness; th e  ra tio  of th e  T ( J = 3 - ^ 2 ) / T ( J = 2 - M ) ;  an d  th e  b rig h tn ess  
g rad ien t m easu red  m oving  aw ay from  th e  core centre. In  the nex t ch a p te r  a  d e ta iled  ra d ia tiv e  tran sfe r 
m odel o f L1689B will be described , and  the  physical p a ram ete rs  o f th e  core will be derived.
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C hapter 5
M odelling  P res te lla r  Cores.
5.1 In trod u ction
In the  p rev ious ch a p te r  m ap s were presen ted  of a  few starless m olecu lar cloud cores in various iso to p o m eric  
tran s itio n s  of C O . In th is  ch a p te r  deta iled  m odelling  of the su b m illim etre  em ission observed from  the  
b rig h te st of these cores, L1689B, is presen ted . For sim plic ity  the  chosen m odel assum es spherical sy m ­
m etry  an d  fu n c tio n a l fo rm s o f th e  density , te m p e ra tu re  and  ab u n d an ce  profiles o f the  trace rs . As was 
s ta te d  in  th e  in tro d u c tio n  m a g n e tic  su p p o rt m odels are in trin sica lly  asy m m etric ; M H D  tu rb u le n ce  can 
produce e lo n g a tio n  along  field lines and  therefore is expected to  p roduce p ro la te  s tru c tu re s , w hile am b ipo - 
lar d iffusion su p p o rts  clouds p e rp en d icu la r to  the  field lines, and  therefore p roduces o b la te  s tru c tu re s . 
Any conclusions reached  in  th is  ch ap te r are therefore lim ited  by the  assu m p tio n  o f spherical sy m m etry  
if m ag n e tic  fields p lay  an  im p o r ta n t  role. T h e  aim , bearing  in m ind  these lim ita tio n s , is to  c o n s tra in  the  
physical c h a rac te r is tic s  o f L1689B and  to  a t te m p t to  p red ic t its  fu tu re  evo lu tion . T h e  su rface  b rig h tn ess  
g rad ien t o f L1689B, the  ab so lu te  b righ tness of C 180 ( J = 2 —>1) an d  the  ra tio  of C l s O ( J = 3 —>2) b rig h t­
ness to  C 1S0 ( J = 2 —>1) have been m easured  in ch ap te r 4. T hese p ro p ertie s  a lone w ill prove cap ab le  of 
co n s tra in in g  th e  m odel.
T h e  m odel p resen ted  has been p aram ete rised  in such a way th a t  I can  te s t a m o n g st o the rs; th e  m odel 
suggested  by A ndre  e t al (1996), th e  theo re tica l m odels suggested  by Shu (1987) an d  M ouschovias (1991), 
as well as in v e s tig a tin g  the  iso th erm al assum ptions inheren t in all these m odels. F irs t th e  em ission 
expected  in th e  m illim e tre  co n tin u u m  is derived, and com pared  to  m e asu rem en ts  m ad e  a t  1 .3m m  of 
L1689B by A ndre  e t al (1996). A descrip tion  of a  num erical code (th e  S ten h o lm  code) w hich can  solve
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the  ra d ia tiv e  tran sfe r  o f m illim e tre  line em ission is th en  p resen ted . A n in v e stig a tio n  is th e n  m a d e  in to  
how th e  m easu red  p a ra m e te rs  for L1689B are dependen t on the  free p a ra m e te rs  in m y m odel, an d  hence 
w hat re s tr ic tio n s  th e  C 180  observa tions of ch ap te r 4 p u t on L 1689B ’s s tru c tu re . C o m b in in g  b o th  sets 
of resu lts  ( th e  co n tin u u m  an d  m olecu lar line observations) I p resen t tw o m odels o f L1689B w hich seem  
consisten t w ith  b o th  se ts o f observa tions, and  can  only be d istingu ished  given a d e ta iled  u n d e rs ta n d in g  
of m o le c u le /d u s t in te rac tio n s . T h e  m odelling  rules o u t the  iso th erm al s in g u la r m odel suggested  by Shu 
(1987), b u t th e  m odels suggested  b o th  by A ndre et al (1996) an d  M ouschovias (1991), are accep tab le . T h e  
gas phase  a b u n d a n ce  o f th e  C 180  seem s to  fall tow ards the  cen tre o f th e  core, as m ig h t the  te m p e ra tu re . 
F inally  an  an a ly sis  o f th e  forces ac ting  on the  core is p resen ted  an d  discussed. I t  is argued  th a t  L1689B 
has li t t le  o r no p ressu re  su p p o r t w ith in  its cen tra l regions and  is h igh ly  u n sta b le  to  g ra v ita tio n a l collapse. 
T h is  s tro n g ly  im plies th e  need for an o th er su p p o rt m echan ism , the  m ost likely o f w hich is m ag n e tic .
5.1.1 A  S im p le  M o d e l  of L1689B.
T h eo re tica l m odels o f p re s te lla r  cores are  availab le  b u t are w idely vary ing  in th e ir  p red ic tio n s of th e  s tru c ­
tu re  of the  cores. Som e m odels p red ic t a  p oc r~ 2 density  profile th ro u g h o u t the  core - a  so called  ‘s in g u la r ’ 
core (Shu e t al 1987), w hile o th e r  w orks s tu d y in g  the s ta b ility  of spheres in  h y d ro s ta tic  evo lu tion  (B onnor 
1956) or su p p o rte d  by m a g n e tic  fields (M ouschovias 1991) show m ore fla tten ed  inner density  profiles. T h e  
wide range  o f m odels crea tes  d ifficulties if one wishes to  com pare  the  m odels w ith  d e ta iled  observa tions 
in a sy s te m a tic  way, or d e te rm in e  un ique observa tional ch arac teris tics  of each m odel. T herefo re  I have 
chosen a m odel w hich allow s ce rta in  key physical processes and  ch a rac te ris tic s  (specifically  f la tte n in g  of 
the inner d en sity  profile, falling  of te m p era tu re , and falling CO  abundances) to  be rep resen ted  in te rm s 
of s im p le  an a ly tic a l fu n ctio n s, an d  which a t the  sam e tim e in co rp o ra tes  e ith e r ex ac tly  (ie th e  iso th e r­
m al s in g u la r sphere) or q u a lita tiv e ly  (the  m agnetica lly  su p p o rted  m odels) th e  various physical m odels 
suggested . In  th is  way by exp lo ring  how the  observed ap p earan ce  of L1689B is d ep e n d en t on ce rta in  
aspects o f th e  m odel one can  hope to  find o u t which of th e  theo re tica l m odels o f p res te lla r  evo lu tion  best 
describes th e  ob se rv a tio n s of L1689B.
T h e  m odel L1689B is assum ed  to  consist o f an iso therm al envelope of rad iu s  0 .07pc w ith  an  inner 
core of rad iu s  0 .02pc as suggested  by A ndre et al (1996). T h is  is th e  rad iu s  a t  w hich a  b reak  in th e  pow er 
law d en s ity  profile is observed in  the  con tin u u m  d a ta , a rad iu s  w hich I will also refer to  as th e  c ritica l 
rad ius. To ensure  th a t  th e  profiles stayed  finite I also set an inner rad iu s  of the  core equal to  0 .004pc - 
well w ith in  th e  reso lv ing  pow er of the JC M T  or IRA M .
T h e  envelope o u ts id e  o f the  critica l rad iu s  has a co n s tan t te m p e ra tu re , a d ensity  profile p e e r ' 2 , and
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Inner Core Envelope
Figure 5.1: T h e  m odel core for L1689B is based on th a t  suggested  by A ndre  e t al (1996). T h e  core 
has an  o u te r  envelope w ith  a  dens ity  profile w hich falls as r~ 2. T h e  o u te r  envelope is iso th erm al an d  is 
assum ed to  have th e  C O  ab u n d a n ce  typ ical o f the O phiuchus cloud. A n inner core region can  have a 
m ore fla tten e d  d en sity  profile as suggested  by the con tinuum  observa tions, an d  consisten t w ith  th eo re tica l 
m odels o f cores like those  suggested  by M ouschovias (1991) and  B onnor (1956). T h e  inner core is n o t 
assum ed to  be iso th erm al, an d  th e  CO abundance  can also fall. In o rder to  keep all p a ra m e te rs  fin ite , th e  
core has an  inner rad iu s  o f 0 .004pc, well below any cu rren t single d ish  m illim e tre  te lesco p e’s reso lu tion , 
w ith in  w hich all physical co n d itio n s  are hom ogeneous.
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x  th e  C 180  to  H 2, ra tio  is assum ed  to  be 2.1 x 10~7 (using a value o f C 160  to  H 2 of 9.5 x 10-5  an d  a  ra tio  
of C 180  to  C 160  o f 1:450 (W ild  1990)). T h e  inner core has a density  profile, a  te m p e ra tu re  profile an d  
an a b u n d a n ce  profile o f ca rb o n  m onoxide, all o f which are described by pow er laws; r _ a p ,r“ T , an d  r a * 
respectively . H ence th e re  are 5 free p a ra m e te rs  in the m odel: th e  cen tra l density ; th e  cen tra l te m p e ra tu re ; 
and th e  value o f th e  th ree  indexes in the  pow er laws, p( r) cx r - “ »1, T (r)  a  r a T , an d  x (r)  a  r “ *. T h e  
m odel is illu s tra te d  in F igu re  5.1.
5.2 T h e  M illim etre  C ontinuum  A pp earance o f  L 1689B .
I first s ta r t  by m od e llin g  th e  su b m illim etre  con tinuum  em ission of L1689B. A t these w aveleng ths the  
em ission is o p tica lly  th in  (A ndre  e t al 1996) and  sca tte rin g  is n o t sign ifican t because th e  w aveleng th  of 
the ra d ia tio n  is m uch  la rger th a n  the  g rain  sizes (H ildebrand  1983). By assum ing  for th e  m o m e n t th a t  
the  g ra in  ab u n d a n ce s  an d  p ro p ertie s  are co n s tan t th ro u g h o u t th e  core (tw o p ro p ertie s  o f L1689B th a t  
m ay n o t ho ld , as is d iscussed la te r)  one can presen t the  follow ing analysis:
T h e  m illim e tre  c o n tin u u m  arises due to  d u s t g rains em ittin g  th e rm a lly  (H ild eb ran d , 1983). In  th is  
s itu a tio n  th e  source fu n c tio n  is given by:
S„ =  B „(T ) (5.1)
and the  o p ac ity  is given by (cf eq u a tio n  3.10):
=  7rng(a )2Q(i/)
w here ng is th e  n u m b e r d en s ity  of d u s t partic les, Q(v)  is the  average em issiv ity  o f th e  d u s t g ra in s  and
(a) is th e  average d u s t g ra in  rad iu s. A t 1.3 m m , (h i//k )  =  0.5K , w hich is well below  th e  expected  
te m p e ra tu re  o f th e  d u s t w ith in  the  core, so th a t  the R ayleigh Jean s  a p p ro x im a tio n  can  be used for the  
Source F unction ; S„ =  2 k v 2T / c 2. Hence if the  d u st p ropertie s are  c o n s ta n t th ro u g h o u t th e  cloud  (ie 
co n s tan t g ra in  size d is tr ib u tio n , ab u n d an ce  w ith  respect to  H 2 an d  em issiv ity ) th en  th e  in ten s ity  arising  
from  an  e lem en t o f len g th  d x  a t  a given frequency is,
d l(x ) <x p (x )T (x )d x , (5.2)
w here p(x)  is th e  density  profile along the  line of sigh t and  T (x ) is th e  te m p e ra tu re  profile o f the  d u st
along th e  line of sigh t.
If  one is d ea lin g  w ith  a spherically  sy m m etric  system  (like the m odel of L1689B presen ted  here) then  
one can  ask  w h a t will be th e  p ro jec ted  surface b righ tness along a line of s igh t w hich a t its  closest p o in t
passes a  d is tan c e  R  from  the  cen tre  of the  cloud of rad iu s R c:
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If the  d en s ity  profile p ( r) an d  th e  te m p e ra tu re  profile T (r)  are know n, w here r is the  rad ia l d is tan c e  from  
the cloud  cen tre , th e n  th e  observed surface b righ tness I(R ) is given by th e  eq u a tio n  o f ra d ia tiv e  tran sfe r  
(2.2) w hich becom es,
/  +  Xo p (r)T (r)d x . (5.3)
-xo
M aking th e  s u b s titu tio n s  R  =  cos 9r and  dx  =  d # R / cos2 9 one derives:
/ a rc c o s (R /R c ) j / ip ( R /  cos 9) T ( R /  cos 9 )  — . (5.4)
■ a rc c o s (R /R c) ^OS ^
For th e  m odel o f L1689B presen ted  here, the density  profiles and  te m p e ra tu re  profiles are b o th
rep resen ted  by pow er law s p  oc r - " '’ and  T  oc r “ T so th a t  the  eq u a tio n  app roaches th e  so lu tion ,
/.tt/2
I(R ) tx R (1_ao+“ T) /  (c o s0 )(_2_" '>+“ T)di?. (5.5)
J - tt/2
as the  rad iu s  of th e  core becom es infinite.
T h e  in teg ra l on th e  rig h t h an d  side is independen t of R  and  therefore, I(R ) oc R^ l a p+ a T ) ĝee A nc]re
et al 1996) for an in fin ite  core.
B ecause in the  m odel of L1689B bo th  the  density  and  te m p e ra tu re  profiles are described  by pow er laws 
and th e  em ission  is p ro p o rtio n a l to  b o th  it m akes sense to  sim plify  eq u a tio n  5.5 by defin ing a e =  a p — a T 
so th a t  one gets a s im ple  d escrip tio n  of the b righ tness profile I(R ) oc R (1 - “ eh In the  case o f the  m o d e l of 
L1689B p resen ted  here for r >  rcrjt : a p =  2 and  a ?  =  0 in the  envelope so th a t  one expects I(R ) oc R -1 
in the  envelope as is observed  in th e  con tinuum  by A ndre et al (1996).
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For th e  inner core th e  eq u a tio n  for the p ro jec ted  surface b righ tness (eq u a tio n  5.4) becom es:
2  f i r  /-a rc co s(r)  \
I(R ) cc -  I — -  arccos(r) +  d 2_“ d  J  cos“ ' _2d6l J (5.6)
w here r =  R / r crjt-
I have ev a lu a ted  th is  for several values of a e ranging  betw een 0.4 an d  1.4 and  th e  resu lts  are  p resen ted  
in F igu re  5.2. T h e  c o n tin u u m  surface b righ tness d is trib u tio n  suggested  by A ndre  et al (1996) for th is  
region is p lo tte d  as a  se t of d a ta  po in ts . A ndre et al (1996) found  a b est fit for th e  su rface  b rig h tn ess  was 
a pow er law  I(R ) oc r _0 '3±0 2, a f te r  talcing in to  account the  effects o f the  b eam  size and  th e  o b se rv a tio n a l 
p rocedure . T h e  d a ta  p o in ts  in F igure  5.2 represen t the value of th is  fit a t  every 4 arcseconds, th e  sa m p lin g  
used by A ndre  e t al (1996).
On e x a m in a tio n  it can  be seen th a t  the  value of a c is rough ly  0.4-0.6 w hich is considerab ly  d ifferent 
from  th e  value s ta te d  by A n d re  et al (1996) who derived a t =  1.3. T h e  difference is due to  th e  fac t th a t  
a considerab le  p ro p o rtio n  of th e  in ten sity  e m itte d  com es from  th e  o u te r core even w hen looking  a t  lines 
of s igh t passing  th ro u g h  th e  in n e r cores (A ndre et al 1996 app lied  th e  equ iva len t o f eq u a tio n  5.5 to  the  
inner region ra th e r  th a n  the  m ore exact equa tion  5.6 and ov erestim a ted  a e). V alues for a e o f even less 
th a n  0.4 could  be accep tab le .
T h e  c o n tin u u m  d a ta  alone co n stra in s  the  m odel of L1689B. A ssum ing  th a t  th e  f ra c tio n a l ab u n d a n ce  
of the  d u s t is co n s ta n t th ro u g h o u t the  core then  the value of a.p-o.y is a p p ro x im a te ly  0.4-0.6 an d  clearly  
inconsisten t w ith  th e  iso th e rm a l singu lar sphere m odel. T h e  nex t few sections exam ine w h a t lim its  the  
m olecu lar ob se rv a tio n s can  ad d  to  the  m odel o f L1689B.
5.2.1 T h e  S te n h o lm  I te r a t iv e  C ode.
I o b ta in ed  a  well used an d  te s ted  code referred to  as the  S tenho lm  code from  th e  U niversity  o f K en t 
(H eaton  e t al 1993). T h e  follow ing section briefly sum m arises how th e  code ite ra tiv e ly  solves th e  p o p u ­
la tio n  levels (see also the  thesis  o f Buckley 1997).
T h e  code m odels a  spherica lly  sym m etric  cloud or core as a set o f shells w ith  un ifo rm  physical 
cond itions. For each shell it requ ires the H 2 density , the H 2 te m p e ra tu re , th e  a b u n d a n ce  o f th e  ra d ia tin g  
m olecule (eg C 180 )  w ith  respec t to  H 2:- X. a n d the  bulk  m o tio n  of the  shell w ith  respect to  th e  core 
centre. B ecause m o lecu lar line w id ths are generally  g rea te r th a n  p red ic ted  from  sim ple  th e rm a l line 
b ro ad en in g  a  m ic ro tu rb u le n t co m p o n en t of velocity dV is also specified for each shell.
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Iog(I)
Figure 5.2: E x p ec ted  p ro jec ted  in tensity  profile o f L1689B for d ifferent inner core profiles. T h e  p o in ts  
m easu red  by A n d re  e t al (1996) are m arked  w ith  vertical erro r bars. F rom  th e  g rap h  it ap p e a rs  th a t  
a e =  a p +  a r  =  0.4.
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T h e  code s ta r ts  by  choosing p o p u la tio n  levels which are consisten t w ith  th e  B o ltzm an n  d is tr ib u tio n  
(eq u a tio n  2.15) a t  th e  Ho te m p e ra tu re . T h e  eq u a tio n  of rad ia tiv e  tran sfe r  is th en  n u m erica lly  solved 
to  get Ij, in  each shell. U sing th is  rad ia tio n  field th e  ra te  eq u a tio n  (eq u a tio n  2.20) is th e n  solved to  
give a  new  se t of p o p u la tio n  levels. T h e  eq u a tio n  of rad ia tiv e  tran sfe r is solved using  th is  new  se t of 
level p o p u la tio n s  an d  th e  p rocedu re  of ca lcu la ting  nj (the  p o p u la tio n  levels o f th e  m olecules) follow ed by 
I„ (th e  ra d ia tio n  field) is con tinued  un til a s tab le  so lu tion  is app roached . T h e  ex ac t m e th o d  by w hich 
the  S ten h o lm  code app roaches a s ta b le  so lu tion  is know n as L am b d a  I te ra tio n  (see B uckley  1997), and  
th ro u g h o u t th e  w ork p resen ted , a s ta b le  so lu tion  was taken  w hen the  p o p u la tio n  levels changed  by less 
th a n  0.1 p ercen t from  one ite ra tio n  to  th e  nex t. T h e  m odelling  p resen ted  of th e  core generally  h ad  low 
op tica l d ep th s  w hich m e an t th a t  b o th  the  exac t m e th o d  of i te ra tio n  an d  th e  convergence c r ite r ia  were 
no t as im p o r ta n t as th ey  are w hen one stud ies ex trem ely  op tica lly  th ick  species (th e  n u m b er of ite ra tio n s  
to  get to  a  final so lu tio n , in  th is  work, is sm all ~  2 — 10). O nce final p o p u la tio n  levels are o b ta in ed  
th e  code can  then  solve th e  rad ia tiv e  tran sfe r equa tion  for lines o f sigh t th ro u g h  the  core an d  s im u la te  
observed line profiles by sm o o th in g  w ith  a  G aussian  sp a tia l profile s im ila r to  a te lescope b eam  profile.
T h e  H 2 collision ra te s  for the  m odel were o b ta in ed  from  Flow er and  L auney  (1985). T h e y  ca lcu la ted  
the collision ra te s  w ith  p a ra  Ho up to  the J =  11 ro ta tio n a l level for te m p e ra tu re s  betw een  10 an d  250K 
and  for o rth o  H 2 up  to  the  J  =  6 level betw een 10 and 100K. In o rder to  ex ten d  m y a b ility  to  exam ine 
how th e  ra d ia tiv e  tran sfe r  w as d ep en d en t on the o r th o :p a ra  ra tio  collision ra te s  a p p ro p r ia te  for an  o rth o  
to  p a ra  ra tio  o f 1:1 were p roduced  by averaging the  two set, these are p resen ted  in T ab le  5.1.
T h ro u g h o u t th e  s im u la tio n s  (unless o therw ise s ta te d )  the  m odel core rep resen tin g  L1689B h a d  the 
follow ing p ro p ertie s: T h e  m odel core consisted of 20 logarithm ica lly  spaced  shells (g iv ing increased  reso­
lu tio n  to w ard s th e  cen tre  o f th e  core) o f rad ii 0.004, 0.0047, 0.0055, 0.0064, 0.0074, 0.0086, 0.0100, 0.0116, 
0.0135, 0.0156, 0 .0181, 0.0211, 0.0245, 0.0285, 0.0331, 0.0384, 0.0447, 0.0519, 0.0603, 0.0700 parsecs and  
a critica l rad iu s  rcrit =  0 .02pc m ark in g  the  bou n d ary  betw een the  inner core an d  envelope. T h e  velocity  
of the  shells was set to  zero. T h e  m icro tu rbu lence  velocity com ponen t for each shell th ro u g h o u t th e  cloud 
was given by iv ( r )  a  r0 3 rising  to  0 .8 k m /s  a t the  ou tside. T h is  was chosen to  be co n sis ten t w ith  L arsons 
law (L arson  1984) w ho found  a  sim ila r re la tionsh ip  for a wide range of clouds, an d  to  fit the  observed 
line w id th s. A lth o u g h  values of iv ( r )  oc r0 5 m ig h t be preferred  (M yers 1983), it is show n la te r  th a t  the 
exact fo rm  of th is  m ic ro tu rb u le n t profile does n o t significantly  a lte r  the  resu lts . T h e  o r th o  to  p a ra  ra tio  
of H 2 was held  a t  1 to  1. T h e  o th e r  p a ram ete rs  were taken  from  the  m odel of L1689B d iscussed earlier.
A rep rese n ta tio n  o f th e  co d e ’s resu lts are show n for a fit to  L1689B w here a p =  — 0 .6 ,a x  =  0.6 and  
a x =  0.6, is given in F igu re  5.3. For sim plification  the m ic ro tu rb u len ce  profile is c o n s ta n t in  th is  exam ple  
th ro u g h o u t th e  core.
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J J / 10K 20K 40K 60K 100K
1 0 3.9E-11 3.4E-11 3.9E-11 4.5E-11 5.4E-11
2 0 5.6E-11 5.6E-11 5.6E-11 5.6E-11 5.6E-11
3 0 4.0E-12 4.8E-12 5.8E-12 6.4E-12 7.4E-12
4 0 7.4E-12 7.8E-12 8.3E-12 8.6E-12 8.9E-12
5 0 1.1E-12 1.3E-12 1.6E-12 1.9E-12 2.4E-12
6 0 1.0E-12 1.2E-12 1.5E-12 1.7E-12 2.0E-12
2 1 4.7E-11 5.0E-11 5.8E-11 6.6E-11 7.8E-11
3 1 8.6E-11 8.8E-11 9.0E-11 9.2E-11 8.8E-11
4 1 7.4E-12 1.0E-12 1.3E-11 1.4E-11 1.6E-11
5 1 1.3E-11 1.3E-11 1.4E-11 1.6E-11 1.6E-11
6 1 2.1E-12 2.6E-12 3.5E-12 4.2E-12 5.5E-12
3 2 3.8E-11 5.0E-11 6.5E-11 7.4E-11 8.6E-11
4 2 9.2E-11 1.0E-10 1.0E-10 1.0E-10 1.0E-10
5 2 7.5E-12 9.8E-12 1.4E-11 1.6E-11 2.0E-11
6 2 1.6E-11 1.6E-11 1.8E-11 2.0E-11 2.1E-11
4 3 3.9E-11 5.2E-11 6.8E-11 7.8E-11 9.0E-11
5 3 1.1E-10 1.1E-10 1.1E-10 1.1E-10 1.1E-10
6 3 1.0E-11 1.2E-11 1.8E-11 2.1E-11 2.6E-11
5 4 3.5E-11 4.8E-11 6.8E-11 8.2E-11 9.9E-11
6 4 1.2E-10 1.2E-10 1.3E-10 1.3E-10 1.2E-10
6 5 4.2E-11 5.2E-11 6.9E-11 8.1E-11 9.7E-11
T ab le  5.1: C ollision ra te s  betw een Ho and  CO  for an o rth o  to  p a ra  m ix  of 1 to  1.
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F igure  5.3: E x p la n a to ry  p lo t o f th e  rad ia tiv e  transfer, and  line s tren g th s . All th e  line p lo ts  are  n o rm alised  
so th a t  th e  m a x im u m  value is equal to  1 in o rder to  avoid over confusing th e  p lo t. T h e  d o tte d  lines in 
the  b o tto m  two p lo ts  show  w h a t frac tion  of th e  observed em ission com es from  each rad ius.
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In th e  first p lo t th e  n u m b er densities o f H 2, C 180 ( J  =  1), C 180 ( J  =  2) an d  C 180 ( J  =  3) are  show n as 
nH3, n l j n 2 , n 3 respectively . In th e  nex t p lo t th e  H 2 te m p era tu re , th e  T ex(J= 2 -> -l) , an d  th e  T ex(J= 3 -> 2 )  
are p resen ted . T h e  e x c ita tio n  te m p era tu re s  are ca lcu la ted  from  th e  p o p u la tio n  levels accord ing  to  eq u a­
tio n  2.15. T h e  e x c ita tio n  te m p e ra tu re s  are less th a n  the  k inetic  hydrogen  te m p e ra tu re  because o f the 
non-L T E  s ta te  o f th e  shells. T h e  th ird  and  fo u rth  p lo ts  concern the  (J= 2 -> 1 )  an d  ( J = 3 -* 2 )  b righ tness  
tow ards th e  cen tre  o f L1689B. Each shows the  opacity  per u n it leng th , p n u , th e  tran sm iss io n  frac tio n , 
exp (— fg  p K^ dx ) , tow ards th e  observer from  each shell, the  ex c ita tio n  te m p e ra tu re  an d  th e  b righ tness 
te m p e ra tu re  per u n it  len g th  observed from  each shell, which is given by th e  eq u a tio n :
¿ T B (r) cx T exp/tuexp J pn^dx^j  , (5.7)
and  p lo tte d  as a  d o tte d  line in  each p lo t. T h e  line shows where in the  core th e  observed  em ission  o rig in a tes  
from . O ne can  see th a t  th e  em ission is asy m m etric  - ie m ore of the  observed line in te n s ity  o rig in a tes  from  
the near side o f th e  cloud  th a n  th e  far side- as would be expected .
I developed  a peri sc rip t th a t  allowed m ultip le  sim u la tions to  be run . T h e  sc rip t f itted  th e  specified 
C 180 ( J = 2 —xl) ce n tra l b rig h tn ess  by changing th e  cen tra l density  of th e  core, increasing  th e  d en sity  if th e  
p red ic ted  in ten s ity  was too  low, decreasing the  density  if it was too  high an d  ite ra tin g  u n til th e  specified 
in ten sity  was achieved. T h is  norm alised  the  resu lts to  fit the  observed C 180 ( J = 2 —>-1) b righ tness. T h e  
follow ing sections in v estig a te  th e  effect o f vary ing  4 of the  free p a ra m e te rs  in  th e  m odel core, c t t ,  cep, 
a x , an d  T outer, (Pc> the  cen tra l density  and  th e  fifth free p a ra m e te r  in th e  m odel o f L1689B is se t by 
n o rm alis in g  th e  s im u la tio n s  to  rep roduce the  cen tra l b righ tness o f th e  core).
5.3 R esu lts  o f  M olecu lar R adiative Transfer
5.3.1 Is L 1689B  I s o th e rm a l?
T h e s im p lest m odels o f cloud  cores assum e iso therm ality . I investiga ted  how th e  p red ic ted  a p p e a ran c e  of 
L1689B is d ep e n d en t on th e  density  profile p cc r - “ '1 and  the iso th erm al te m p e ra tu re  T : w ith in  rcrjt the  
shell d ensities were given by p cc v~ap.
T h e  p red ic ted  ap p e a ran c e  for the set of cores w ith  te m p era tu re s  betw een 14 an d  24K an d  a p betw een 
0 an d  2 was ca lcu la ted  an d  th e  values of th e  ra tio  o f J = 3 —>2 to  J = 2 —>1, th e  b rig h tn ess  g ra d ie n t, the  
cen tra l d ensity  used to  n o rm alise  the cores, and  the  op tical d ep th  are all p lo tte d  in F ig u re  5.4, as functions 
o f a p an d  T .
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Isothermol Temperature Isothermal Temperature
Central Density Optical Depth
Isothermol Temperature Isothermal Temperature
Figure 5.4: T h e  p red ic ted  ap p earan ce  of the  set o f iso therm al cores (w ith  T  vary ing  betw een  14 and  
26I<), an d  w ith  th e  dens ity  profile p oc r~ “ ' \  T h e  cooler cores w ith  flat density  profiles can  p red ic t 
th e  observed  ra tio  o f J = 3 —>-2 to  J = 2 —>-1 observed in L1689B b u t none of th e  cores could  p red ic t the  
flat b r ig h tn ess  g rad ie n t. T h e  m easured  values of J = 3 —>2 to  J = 2 —>1 is 0.67-0.87, an d  the  value o f T (32  
a rse c o n d s) /T (c e n tre )  was 0.9-1.1.
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T h e  first g rap h  show s th a t  th e  J = 3 —>-2 to  ,1=2—>-1 b righ tness ra tio  a t the  cen tre  o f th e  core varied  
betw een 0.67 an d  1.57 increasing  w ith  b o th  the  te m p e ra tu re  and  th e  value of a p , due to  th e  u p p e r levels 
becom ing  m ore p o p u la te d  as the  te m p e ra tu re  and density  increases. As s ta te d  earlier th e  m easu red  
value o f th is  ra tio  is 0 .69-0.87 for L1689B. T h e  second g rap h  shows th a t  th e  b rig h tn ess  g rad ie n t varied  
betw een 0.1 an d  0.35 an d  increased  m ain ly  as the  density  profile o f th e  cores fla tten e d  - th is  is due to  the  
co lum n d en sity  o f m a te r ia l a long the  d ifferent lines of sigh t becom ing  m ore co n s tan t. R em em b er th a t  
the observed  value in  ch a p te r  4 was 0.9-1.1
T h e  iso th e rm a l m odels could  p roduce th e  J= 2 -> 1  brigh tness seen tow ards th e  cen tre  o f L1689B, an d  
the  cooler an d  less cen tra lly  peaked  m odels were capab le of p ro d u cin g  th e  observed  ra tio  o f J = 3 —>2 to 
J = 2 —>-1 b rig h tn ess  ra tio  in L1689B. However none of th e  cores will rep roduce  th e  slow fall off o f C l s O 
surface b rig h tn ess  observed  for L1689B. I can therefore rule o u t the  s im p lest iso th erm al m odels o f L1689B 
unless o th e r  fac to rs  such as ab u n d an ce  varia tio n s are also im p o r ta n t (see below ). T h e  lower 2 p lo ts  show 
th a t  th e  cen tra l d en sity  used fell as the density  profile fla ttened , and  the o p tica l d ep th  increased  as th e  
te m p e ra tu re  d ro p p ed .
5.3.2 A  F alling  T e m p e r a tu r e  T ow ards  th e  C e n t re  of L1689B .
In o rd er to  in v estig a te  the  effect a falling  te m p e ra tu re  profile w ould have on th e  ap p e a ran c e  of th e  core 
the p red ic ted  a p p e a ran c e  was ca lcu la ted  for a set o f cores w ith  p oc r - “ '1 inside the  c ritica l rad iu s . 
T h e  collision  ra te s  given by Flow er and Launey (1985) d id  no t ex tend  below  10K g iv ing  a  m in im u m  
te m p e ra tu re  w hich can  be investiga ted . T h e  te m p era tu re  profile was con tinuous a t r =  R crit an d  fell as 
T  oc r “ T u n til th e  in n e r rad iu s  was reached or u n til the te m p e ra tu re  fell to  10K.
T h e  p red ic ted  ap p e a ran c e  o f the  set o f cores w ith  a x  betw een 0 and  2 an d  a p betw een  0 an d  2 was 
ca lcu la ted  an d  th e  resu lts  are p lo tted  for the  set o f cores w ith  an o u te r  te m p e ra tu re  of 20K in F ig u re  5.5 
and  for th e  se t o f cores w ith  an  o u te r te m p e ra tu re  of 25K in F igure  5.6. T h e  cen tra l d en s ity  needed  to  
produce th e  observed  J = 2 —>-1 b righ tness increased as the  inner density  profile steepens an d  the  o p tica l 
d ep th  a p p e a rs  to  increase b o th  w ith  a falling  inner te m p e ra tu re  an d  an increasing  cen tra l d en sity  as 
show n in the  lower p lo ts .
T h e  ra tio  o f th e  J = 3 -> 2  to  J = 2 - ) - l  b righ tness pred ic ted  varied betw een 1.5 an d  0.7. T h is  ra tio  was 
stro n g ly  d ep e n d en t on th e  low est te m p e ra tu re  in the  core (NB when q t  is g rea te r th a n  a p p ro x im a te ly  0.6 
the  m in im u m  te m p e ra tu re  is held a t 10K and  the  ra tio  is roughly  co n s tan t) . T h e  s im u la tio n s  p red ic ted  
th a t  th e  b rig h tn ess  g rad ie n t observed w ould vary  betw een 0.1 and  1.0 an d  fall b o th  as th e  inner cores
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T ( 3 - 2 ) / T ( 2 - 1 ) T (32  o r c s e c s ) /T ( c e n t r e )
Alpha fo r  Tem perature 
C entra l Density
Alpha fo r  Tem perature 
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F igure  5.5: T h e  p red ic ted  ap p e a ran c e  of th e  set o f cores w ith  inner density  profile given by p cc r - “ " and  
inner te m p e ra tu re  profile T  oc r “ T . T h e  ou te r T  was 20K. T h e  profiles w hich have a very flat density  
profile an d  a  steep  te m p e ra tu re  d ro p  can  p red ic t the appearance  of L1689B.
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F igure  5.6: T h e  sam e m odel as in figure 5.5 b u t wit 
ra tio  of J = 3 - » 2  to  J = 2 —>1 is sligh tly  higher, while 
lower.
a w arm er o u te r envelope (T = 2 5 K ). T h e  p red ic ted  
le o p tica l d ep th s an d  cen tra l d ensitie s are sligh tly
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density  profile becom es f la tte r  an d  as th e  ra te  a t which the  te m p e ra tu re  falls increases. Increasing  th e  
o u te r  te m p e ra tu re  increased  th e  ra tio  o f J = 3 —>2 to J= 2 -> -l b righ tness b u t m ad e  lit t le  d ifference to  the  
b rig h tn ess  g rad ie n ts  p red ic ted . I t also decreased the  cen tra l densities req u ired  to  p ro d u ce  th e  observed  
J = 2 —>1 b rig h tn ess  an d  decreased  the op tica l d ep th  of the  cloud.
A fla t inner d en s ity  profile an d  a very steep  te m p era tu re  d rop  can  p red ic t th e  observed  a p p e a ra n c e  of 
L1689B. H ow ever th e  co n tin u u m  fit, a p — a x = 0 .4 -0 .6  is show n as a h a tch e d  a re a  in th e  p lo ts , an d  clearly  
un d er p red ic ts  th e  ra tio  o f T (3 2  a rc seco n d s)/T (cen tre ) by a fac to r o f 2. T herefo re  a  fa lling  te m p e ra tu re  
can  p red ic t the  m o lecu lar ap p earan ce  alone , b u t is unab le  to  p red ic t b o th  th e  co n tin u u m  an d  m o lecu lar 
ap p e a ran c e  o f L1689B sim ultaneously .
5.3.3 F reez in g  O u t  o f  C O  in th e  c e n tre  of L1689B
T h ere  are th ree  m a in  processes, w hich are th o u g h t to  p lay  a role in keeping th e  re la tive ly  v o la tile  m olecules 
like C O  from  freezing o u t on to  d u s t g ra ins W illacy  et al 1994). Effective d eso rp tio n  m echan ism s resu lt in 
the  v o la tile  CO  m olecu le rem a in in g  in the  gas phase; a lthough  CO  m olecule is allow ed to  be ab so rb ed  on to  
a  g ra in  surface , i t  is expected  to  be rap id ly  ejected. T h e  first ejec tion  m echan ism  occurs w hen C osm ic 
R ays ab so rb ed  by a  g ra in  c rea te  ho t spo ts w here vo la tile  m olecules are ejected  - know n as cosm ic-ray  
h ea tin g . T h e  second ejec tion  m echan ism  occurs because C osm ic R ays also ionize Ho m olecules, p ro d u c in g  
energetic  e lec trons an d  excited  Ho m olecules and  a  m olecule destroy ing  UV field. T h e  d isso c ia ted  p ro d u c ts  
then  h e a t th e  ices on th e  g ra in s  to  th e  p o in t o f deso rp tion  - th is process is know n as C osm ic-ray -induced  
p h o to d e so rp tio n . T h e  th ird  process occurs w hen an Ho m olecule is fo rm ed  on a g ra in  surface , th e  chem ical 
reac tio n  is ex o th erm ic , an d  local h ea tin g  occurs, again  p roducing  d eso rp tio n  o f vo la tile  m olecules.
As th e  d en sity  of a  cloud  gets larger, th e  CO  abundance  m ig h t fall due to  th e  n u m b e r o f CO
m o le c u le /d u s t collisions increasing  and  the  deso rp tion  becom ing  less frequen t eg th e  io n iza tio n  level
falls so th a t  the  C osm ic-R ay -induced  ph o to d eso rp tio n  process becom es less efficient an d  th e  n u m b e r of 
hydrogen  a to m s also falls, reducing  the  ra te  o f H t fo rm ation .
In o rd er to  in v estig a te  th e  effect of a d ropp ing  CO abundance  on the  ap p e a ran c e  of L1689B th e  set
of cores w ith  an iso th e rm a l te m p e ra tu re , inner density  g rad ien t p <x r - “ '',  an d  C O  a b u n d a n ce  frac tio n  
X oc r - “ * w as in v es tig a ted  w ith in  the  region 0 <  a p <  2 and  0 <  a x <  2. T h e  ap p e a ran c e  of th e  cores 
was ca lc u la ted  an d  is p resen ted  in  F igure 5.7 (for 20K) and  F igure 5.8 (for 25K ).
T h e  cen tra l d en sity  needed to  exp lain  the  cen tra l J = 2 —>1 b righ tness varied  betw een a p p ro x im a te ly
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F igu re  5.7: T h e  p red ic ted  ap p earan ce  of th e  set of iso th erm al cores w ith  T = 2 0 K , p cx r ~ a“, a n d  CO  
ab u n d a n ce  fra c tio n  x  r - “ *. T h e  profiles w ith  a flat density  profile an d  very sh a rp  d ro p  in  CO 
ab u n d a n ce  can  p red ic t th e  ap p earan ce  of L1689B.
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F igure  5.8: T h e  sam e as figure 5.7 b u t w ith  an envelope te m p e ra tu re  of 25K. T h e  increase in te m p e ra tu re  
increases th e  p red ic ted  ra tio  of J=3->-2 to  J= 2 -> 1 , and decreases th e  requ ired  cen tra l d ensities an d  o p tica l 
d ep ths .
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Table 5.2: Table sum m arising results of radiative transfer m odelling.
C o n tin u u m  m odels P red ic t a p — a p  ~  0.4 — 0.6
Iso th e rm a l M olecu lar m odels a x =  0 B righ tness g rad ie n t to o  steep.
M olecular m odels a p — 0, o p  =  2, a x  =  0 P red ic t L 1689B ’s m o lecu lar ap p earan ce .
Iso th e rm a l M olecu lar m odels a p =  0.5, a x =  2 P re d ic t b o th  c o n tin u u m  an d  C O .
105 an d  106 an d  fell as th e  density  profile fla ttened . T h e  o p tica l d e p th  tow ards th e  cen tre  rem a in ed  
a lm o st c o n s ta n t an d  was re la tiv e ly  independen t o f e ither the density  or a b u n d a n ce  profiles.
T h e  ra tio  o f th e  J = 3 —>-2 to  J = 2 —>-1 b righ tness varied  betw een a p p ro x im a te ly  0.7 an d  1.5, fa lling  as 
the  d en s ity  profile in  th e  inner core fla ttened  and  as the  ab u n d an ce  d ro p  w ith in  th e  inner core steepened . 
T h e  b righ tness  g rad ie n t varied  betw een 0.1 and  1.0 and  increased as the  d en sity  profile f la tten ed  an d  th e  
ab u n d a n ce  steepened . Increasing  the  te m p e ra tu re  increased th e  ra tio  o f J = 3 —>2 to  J = 2 —>1, h ad  lit tle  
effect on th e  b rig h tn ess  profile, sligh tly  decreased the  cen tra l dens ity  needed to  p roduce  th e  observed 
C 180 ( J = 2 —>-1) b righ tness  an d  decreased th e  op tica l dep th .
O ne can  conclude th a t  a flat density  profile and  a very steep  ab u n d an ce  d ro p  can  p red ic t th e  observed 
m o lecu lar a p p e a ran c e  of L1689B. W h a t is m ore, unlike the  m odel w ith  a pu re  te m p e ra tu re  d ro p , the  
ab u n d a n ce  d ro p  can  p red ic t th e  co n tin u u m  appearance  a t th e  sam e tim e.
5.4 S um m ary  o f  R esu lts .
T h e  resu lts  o f th e  m ode lling  o f th e  m illim etre  con tinuum  em ission and  su b m illim etre  sp e c tra l line em ission 
p resen ted  so far are  su m m arised  in T ab le  5.2.
In th e  th ree  d im en sio n a l p a ra m e te r  space defined by a p , a-p, an d  a x , th e re  is a  region defined by 
a .- a x = 0 .4 - 0 .6 ,  w hich will p red ic t th e  con tin u u m  observations. T h ere  is also a  se t o f so lu tio n s in  the 
p a ra m e te r  space w hich p red ic t the  m olecu lar appearance- of w hich 2 p o in ts  have been p resen ted  ie 
( a p =  0, a T =  2, a x =  0) an d  ( a p =  0, a T =  0, a x =  2). T hey  b o th  in d ep en d en tly  ru le o u t th e  iso th erm al 
s in g u la r sphere  m odel, an d  tak en  toge ther the  con tinuum  observa tions an d  the  m o lecu lar o bse rva tions 
seem  to  in d ica te  a  un ique  so lu tio n  i.e. ( a p =  0.5, q t  =  0, a x ~  ^) ■ T aken  in co m b in a tio n  som e p a r t  o f the  
degeneracy  is ap p a re n tly  lifted , an d  a un ique or best fit m odel for L1689B seem s to  be o b ta in ed . How ever 
the  conclusions now becom e d ep en d en t on th e  m echanism  by w hich the  m o lecu lar ab u n d a n ce  falls an d
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the , influence th a t  th is  has on the  du st opac ity  and em issivity . T h e  ex ac t fo rm  of th e  m o lecu lar d u s t 
in te rac tio n s  becom e c ritica lly  im p o r ta n t. Before d iscussing th is  however I p resen t several o th e r  m in o r 
fac to rs w hich affect th e  m odelling .
T h e re  are  several o th e r  fac to rs  th a n  th e  th ree  discussed above w hich m ay  change th e  conclusions of 
the m ode lling . I t  is w orth  fu lly  d iscussing these before engaging  in an  a t te m p t to  find a u n iq u e  or b est 
fit m odel for L1689B.
T h e  o r th o  to  p a ra  ra tio  in  these cores is n o t well defined. Because th e  o rth o  fo rm  of Ho has a h igher 
cross section  for collisions w ith  CO  the  o rth o  to  p a ra  ra tio  will affect the  conclusions d raw n . In o rd er to  
in v estig a te  th is  th e  first m odel presen ted  (F igure 5.4) was rerun  w ith  p u re ly  p a ra  hydrogen . T h e  resu lts  
are p lo tte d  in  F igu re  5.9. C om parison  w ith  F igure 5.4 shows th a t  decreasing  th e  fra c tio n  o f o r th o  H 2 
increases th e  su rface  b rig h tn ess  g rad ien t slightly , and increases th e  ra tio  o f J = 3 —>-2 to  J = 2 —»1.
Likewise th e  precise fo rm  of the m ic ro tu rbu lence profile will influence the  ap p e a ran c e  o f th e  core. 
For ex am p le  it was found  th a t  w hen using a co n s tan t 5v  m ic ro tu rb u len ce  profile the  b rig h tn ess  g rad ie n t 
decreased  s ligh tly  (eg T (32  a rc sec )/T (ce n tre )  increased by ~  0.1). However n e ith e r of these  two fac to rs 
affect th e  a p p e a ran c e  of L1689B strong ly  enough to  affect the  conclusions d raw n  above.
H ow ever if one accep ts th e  assu m p tio n s presented  then  it seem s clear th a t  sim ple iso th e rm a l m odels 
ca n n o t p red ic t th e  a p p e a ran c e  of L1689B. As discussed above one m ay in tro d u ce  freezing o u t o f m o lecu lar 
m a te r ia l on to  the  d u s t g ra in s  - b u t how? T h e  CO m ay freeze o u t on to  th e  d u s t g ra in s e ith e r as a  resu lt 
of a te m p e ra tu re  d ro p  or the  UV field becom ing blocked o u t (W illacy  e t al 1994, O ssenkopf an d  H enn ing  
1994). T h is  will lead  to  a change b o th  in the  m olecu lar abundances, a change in th e  d u s t opac ities 
and  sizes, an d  an  increased  b righ tness g rad ien t in the con tin u u m  (w hich will change th e  co n tin u u m  fit 
in the  m a n n e r show n by the  arrow s in F igure  5.7 and  5.8). H ence even th o u g h  it  is c lear th a t  CO 
d ep le tio n  is necessary  to  ex p la in  the  difference in con tin u u m  an d  m o lecu lar ap p e a ran c e  o f L1689B, a 
p ro p er u n d e rs ta n d in g  of d u s t m olecule in te rac tio n s and  th e ir  dependence on te m p e ra tu re  will affect th e  
conclusions o f th e  m odelling . B ecause the  d u st m olecule in te rac tio n s are so c ritica l in  d e te rm in in g  a 
un ique so lu tio n , I p resen t tw o m odels illu s tra tin g  two different scenarios.
T h e  firs t considers a  core w ith  an eq u a tio n  of s ta te  in w hich the  te m p e ra tu re  falls w ith  increasing  
density , an d  in w hich CO  freeze o u t occurs because of the  decrease in te m p e ra tu re . T h is  m odel has 
a x =  a x  =  Q-p — 0.6 an d  is hereafte r referred to  as m odel 1.
T h e  second m odel is th e  u n iq u e  so lu tion  p resen ted  in figure 5.8, w ith  an a b u n d a n ce  fall a lone (w hich 
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F ig u re  5.9: A n iso th e rm a l core m odel w ith  an  inner density  profile p e e r  an d  purely  p a ra  H 2 .
127
chem ical effects, o r a  long tim escale  associa ted  w ith  freezing o u t) , is d escribed  by a x =  2.0, q t  =  0, and  
oip =  0.5, an d  is h e rea fte r referred  to  as m odel 2.
As was d iscussed in section  5.4.3, the  s im u ltaneous ex p lan a tio n  of c o n tin u u m  an d  m o lecu lar a p p e a r­
ance is m a in ly  d ep e n d en t on a x . B ecause the two m odels above have very d ifferent values, (one has 
a x = 2 .0 , th e  o th e r  a x  = 0 .6 ) they  illu s tra te  two different scenarios w hich m ig h t be d is tin g u ish a b le  given 
a good u n d e rs ta n d in g  of d u s t/m o le c u le  in te ractions.
5.5 T w o different Scenarios.
T h e  p red ic ted  m o lecu lar ap p earan ce  of th e  m odel where a p — — 0 .6 ,a x  =  0.6 an d  a x =  0.6 is show n as 
a d o tte d  line in figure 5.10. T h e  p red ic ted  m olecu lar ap p earan ce  of the  m odel w ith  a x  =  2.0, a x  =  0, 
an d  a p =  0.5, m o d e l 2, is p lo tte d  as a solid line. T h e  p red ic ted  sp e c tra  are p lo tte d  over the  L1689B 
observa tions p resen ted  in ch a p te r  4.
B o th  fits seem  cap ab le  of exp lain ing  the m olecu lar ap p earan ce , a lth o u g h  m odel 1 u n d er p red ic ts  
sligh tly  th e  in ten s ity  a t  th e  la rger rad ii. If  one considers the  req u irem en t from  th e  c o n tin u u m  th a t  
a p — q t  ~  0.4 — 0.6 m odel 2 has a p — a x  =  0.5, while m odel 1 has a p — q t  =  0.0. T h is  d iscrepancy  
how ever m ay  be d u e  to  freezing o u t lead ing  to  an increase in g ra in  opacity , due to  b o th  th e  bu ild  up 
of an  icy m an tle , an d  a  change in g rain  size (O ssenkopf and  H enning  1994) an d  m odel 1 m ay  a c tu a lly  be 
b e t te r  a t  ex p la in in g  the  c o n tin u u m  d a ta .
T h e  g eo m etry  o f the  core as a  w hole m ay change th e  exact form  o f th e  so lu tio n s found . In p a r tic u la r  
the re  are  tw o m a in  p rob lem s w hich shou ld  be considered - a b reak  from  spherical sy m m e try  w hich is 
p red ic ted  in  m ag n e tica lly  con tro lled  collapse m odels, and  a  b reak  from  th e  hom ogeneous a ssu m p tio n  - ie 
d u m p in e ss  w ith in  th e  core. B o th  are likely to  affect the  p red ic ted  ap p e a ran c e  of th e  cores in m illim e tre  
obse rva tions. T h is  is clearly  beyond the scope of the  w ork p resen ted  here, an d  the re fo re  th e  fits are 
p resen ted  w ith  th e  cavea t th a t  they  are strong ly  dependen t on the  specifics of th e  d u s t /g a s  in te rac tio n s  
w ith in  L1689B, an d  th e  geo m etry  of the core.
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F igu re  5.10: A z im u th a lly  b inned  sp e c tra  of L1689B w ith  two m odels show n. T h e  d o tte d  line show s a 
m odel w here th e  te m p e ra tu re  falls tow ards th e  centre of th e  core lead ing  to  freeze o u t o f CO  (m odel 1). 
T h e  so lid  line illu s tra te s  a m odel w here the CO abundance falls steep ly  (m odel 2).
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5.6 Support V ersus G ravity in L1689B: Is it P reste llar?
T h e  te m p e ra tu re  w ith in  th e  inner region of L1689B is roughly  20K in th e  tw o fits an d  th e  d en sity  w ith in  
th e  in n e r cores is betw een  5 x l 0 4 and  1.5 x l 0 5cm ~ 3. S im ilar fits can  be found  for lower te m p e ra tu re s  
an d  h igher densities. T hese  tw o values are h ighly d ependen t on each o th e r, an d  a  low er te m p e ra tu re  
will lead  to  h igher in ferred  densities. T herefore the fact th a t  the  fits p resen ted  are slig h tly  w arm er an d  
less dense th a n  th e  m odel suggested  by A ndre et al (1996) is no t th o u g h t to  be sign ifican t ( they  are  no t 
un ique an d  n o t p resen ted  as defin itive cases). O nly when the  te m p e ra tu re  o f th e  w hole core falls to  10K 
does th e  d a ta  s ta r t  to  co n s tra in  the  m odel; the  lines becom e ex trem ely  o p tica lly  th ick  an d  f la tten e d . T h e  
follow ing section  investiga tes  how  th e  te m p e ra tu re  of L1689B will affect its  fu tu re  evo lu tion .
T h e  inner core is defined as th e  region w ith in  the c ritica l rad iu s  (0.02 pc from  th e  cen tre) an d  the  
envelope as th e  region o u ts id e  th e  c ritica l rad ius. T h e  break in th e  density  pow er laws occurs a t  the  
c ritica l rad iu s . T h e  Je an s  m ass associa ted  w ith  a  density  and  te m p e ra tu re  s im ila r to  th a t  in  th e  inner 
core is ~  5M q .  A lth o u g h  th e  inner core itse lf (0 .2Mg) is n o t above th is  c ritica l m ass, th e  c lu m p  in w hich 
L1689B is em bedded  is th o u g h t to  have a m ass of ~  4 0 M q  (A ndre e t al 1996). T h e  free fall tim esca le  of 
th e  inner core is <  50,000 years, which is very sh o rt com pared  to  e ith e r th e  p ro to s te lla r  life tim es, o r th e  
p res te lla r  life tim es inferred  in C h a p te r  3. T herefore if L1689B is g ra v ita tio n a lly  u n sta b le  it is likely th a t  
som e o th e r  form  of su p p o rt, m o st likely due to  m agnetic  fields, is occu rring  w ith in  the  inner core.
T h e  fu tu re  d y n am ica l evo lu tion  of L1689B is dependen t on the  n e t forces ac tin g  on it. T h e  g ra v ita ­
tio n a l force p e r u n it  m ass is given by,
G / t „ V ( . ) d r
an d  in b o th  m odels is rough ly  p ro p o rtio n a l to  r 0 5 in the  inner core and  r -1  in th e  o u te r  envelope. T h e  
g ra v ita tio n a l force the re fo re  increases as one m oves tow ards th e  cen tre  in th e  envelope, b u t beg ins to  
decrease as one passes th ro u g h  th e  c ritica l rad ius. It behaves in th e  sam e way for b o th  m odels p resen ted  
(NB: th ey  only differ in th e ir  te m p era tu re , and  abundance  profiles, n o t in th e ir  density  s tru c tu re s ) .
T h e  pressu re  w ith in  th e  core is given by n k T  and  th e  force per u n it m ass due to  p ressu re g ra d ie n ts  is 
given by
- - f ( n k T ) .  (5.9)
p dr
In b o th  m odels th is  force falls as r _1 in the  o u te r envelope, b u t behaves d ifferen tly  in the  inner region. 
In m odel 1, because the  te m p e ra tu re  decreases as the  density  increases th e  p ressu re is rough ly  co n s ta n t 
an d  th e re  is no force due to  p ressu re g rad ien ts a t all. In m odel 2, the  p ressu re force decreases aw ay from  
the  cen tre  as r - 1 . In m odel 1 th e  inner core is h ighly u n stab le  to  collapse b u t in m odel 2, th e  s itu a tio n
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is m ore  com plex .
H ow ever th e  s itu a tio n  is fu rth e r  com plicated  by the u n ce rta in ties  in te m p e ra tu re . F igu re  5.11 illus­
tra te s  th e  b eh av io u r o f the  tw o m odels a t  a  high te m p e ra tu re  an d  then  a t  a  lower te m p e ra tu re . In  the  
h igh te m p e ra tu re  case th e  g rav ita tio n a l force in  th e  envelope is consisten tly  la rger th a n  the  force du e  to  
pressu re  g rad ien ts , in  the  lower te m p e ra tu re  case the  pressure force is con sis ten tly  sm alle r th a n  th a t  due 
to  g rav ity . T h e  m a in  difference betw een these two is due to  te m p e ra tu re : a  h igher te m p e ra tu re  increases 
th e  p ressu re  an d  th e  p ressu re g rad ien ts  b u t does no t a lte r the  g ra v ita tio n a l field, an d  therefo re  cooler 
cores experience la rg e r co n tra c tin g  forces.
T h e  d a ta  p resen ted  in  th is  ch ap te r do no t uniquely  co n stra in  the  te m p e ra tu re . However given the  
lack o f an  in te rn a l h e a tin g  source in L1689B, and  in line w ith  th e  prev ious w ork of A ndre  (1996), we 
favour low er te m p e ra tu re  m odels (T  < 15K ).
For b o th  m odels 1 an d  2 w ith  envelopes of 20 K and  average inner core density  of 105c m -3  the 
g ra v ita tio n a l force ju s t  o u ts id e  the c ritica l rad ius is ap p ro x im ate ly  one th ird  th a t  o f th e  force due to  
pressu re  g rad ien ts . For s im ila r m odels a t 15 K the  g ra v ita tio n a l an d  pressu re  forces differ by a fac to r 
~  1.5 an d  on ly  for te m p e ra tu re s  less ~ 1 3  K is the  g ra v ita tio n a l force g rea te r  th a n  th e  p ressure force 
th ro u g h o u t th e  core. In a d d itio n  a g rea ter rcrjt will also increase the  ra tio  o f g ra v ita tio n a l force to  
p ressu re force in th e  envelope.
In m odel 2 th e re  seem s to  be a p rob lem  because the  inner region experiences a  ne t o u tw ard s  force 
w h atev er th e  envelope te m p e ra tu re . T h is  is m ost likely to  be due to  the  s im ple  n a tu re  o f th e  chosen 
d ensity  profile (ie tw o pow er laws) and  p robab ly  only affects th e  very inner region. In rea lity  th is  w ould 
relax  on a very sh o rt tim escale  to  a sm o o th er density  d is tr ib u tio n  and  th e  region of o u tw ard s force w ould 
rap id ly  d isa p p e a r as th e  core evolved tow ards h y d ro sta tic  eq u ilib rium  (eg a  B o n n o r-E b e rt sphere).
I now consider w h a t will h ap p e n  d ynam ica lly  to  L1689B in th e  two m odel cases given a  sufficiently  
low te m p e ra tu re  in th e  envelope (ie T  <  13I<). S im ilar s itu a tio n s  have been considered  by Boss (1997) 
- m odel 2 - an d  W h itw o rth  e t al (1998) - m odel 1. W h itw o rth  e t al (1998) show s th a t  th e  te m p e ra tu re  
d ro p  o f m odel 1 leads to  a d y n am ica l in s tab ility  and  subsequent collapse and  fra g m e n ta tio n . Boss (1997) 
show ed th a t  a  case s im ila r  to  m odel 2 will also collapse and  fragm en t. T h e  only  difference betw een  these 
tw o being  th a t  m odel 1 w ould collapse and  fragm en t sooner th a n  m odel 2. If the  core is m ag n e tica lly  
su p p o rte d , th e  inner region of m odel 1 will have a higher am b ip o la r diffusion velocity  th a n  m odel 2. 
H ow ever in b o th  m odels p rev ious w ork suggests th a t  L1689B will u ltim a te ly  co llapse to  form  a s ta r .
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F ig u re  5.11: S ketch  show ing th e  local g ravity , the  pressure and  the force d u e  to  pressu re  g rad ien ts . T h e  
sketch  show s th e  resu lts  for a cold and  a  re la tive ly  ho t core. T h e  solid line show s th e  g ra v ita tio n a l force, 
the  d ash ed  line show s th e  force due to  pressure g rad ien ts in m odel 2, w hile th e  d o tte d  line show s th e  force 
due to  pressu re  g rad ie n ts  in  m odel 1. For re la tive ly  ho t cores the  cen tra l region of m odel 1 experiences a 
ne t inw ards force w hile its  envelope experiences a  net ou tw ards force. M odel 2 experiences an  ou tw ard s 
force everyw here. For cool cores, bo th  m o d e l’s experience a net inw ards force th ro u g h o u t, only th e  very 
inner region of the  m odel 2 experiences an ou tw ards force w hich is likely to  be sh o rt lived. For L1689B 
the  b o u n d a ry  betw een the  tw o scenarios is e s tim a ted  to  occur when th e  enve lope’s te m p e ra tu re  is ~  13K.
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5 .7  C on clu sion s
A sim p le  m odel for th e  core L1689B has been presented  w hich is p a ra m e te rised  in such a way th a t  one 
can  in v estig a te  the  co n s tra in ts  th a t  observations of the  core p lace on th e  physical processes occu rrin g  
in L1689B. I t  is found  th a t  th e  con tinuum  places co n s tra in ts  on th e  te m p e ra tu re  an d  d ensity  profiles 
o f th e  cores. A nalysis  o f th e  m olecu lar rad ia tiv e  transfe r show s th a t  a s im ple  m odel w hich assum es an 
iso th e rm a l s tru c tu re  an d  c o n s ta n t CO  ab u n d an ce  can n o t p red ic t its app earan ce , th e  core m u st e ith e r 
have a d ro p  in te m p e ra tu re  tow ards its  cen tre or a d rop  in CO  ab u n d an ce . To o b ta in  a co n s is ten t fit 
betw een  th e  m o lecu lar an d  co n tin u u m  ap p earan ce  of L1689B th e  a b u n d a n ce  o f CO  m u st fall tow ards the 
centre.
S everal p rob lem s w hich m ake th e  deriv a tio n  of a  un ique so lu tion , given th e  d a ta , for th e  s tru c tu re  of 
L1689B have been d iscussed, am ong  th em  m icro tu rbu lence profiles, o rth o  to  p a ra  ra tio s , geom etry , and 
d u s t m olecu le in te rac tio n s . T w o m odels are  proposed: one assum ing  th a t  an  increased  d en sity  leads to  
a d ro p  in te m p e ra tu re . T h e  second assum es th a t  th e  core is iso th erm al an d  the  C O  ab u n d a n ce  drops 
steeply . B o th  scenarios have sh o rt free fall tim escales. If  the  te m p e ra tu re  of L1689 is less th a n  ~  13K 
b o th  m odels are u n stab le . Even if the te m p e ra tu re  is g rea te r th a n  th is  value th e  inner region of L1689B 
is u n s ta b le  if the  te m p e ra tu re  tow ards th e  cen tre drops. If L1689B is g ra v ita tio n a lly  u n s ta b le  it is likely 
th a t  som e o th e r  fo rm  of s u p p o r t, m ost likely due to  m agnetic  fields, is occu rring  w ith in  th e  inner core.
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C hapter 6
S u m m a ry  an d  Conclusions
6.1 O verv iew
In th is  thesis  I have s tu d ied  s ta r  fo rm a tio n  in m olecu lar clouds. I s ta r te d  by p resen tin g  a s tu d y  o f th e  
s ta r  fo rm a tio n  in low opacity , iso la ted  clouds d raw n from  an all sky d a ta b a se . U sing various techn iques, 
I derived  th e  ty p ica l physical cond itions occurring  in the densest regions of these clouds, an d  found  
s ta tis t ic a l ev idence th a t  they  do form  s ta rs , though  som ew hat m ore slow ly th a n  denser an d  m ore op aq u e  
clouds. T h e  final conclusions of th is  s tu d y  seem ed to  ind ica te  th a t  s ta r  fo rm a tio n  in a  w ide range  
o f d ifferen t en v iro n m en ts  (includ ing  Bok globules and  a range of d ifferen t m o lecu lar clouds) m ig h t be 
d escribab le  in te rm s o f one general theory  of s ta r  fo rm ation .
In  th e  second h a lf  o f th e  thesis I s tud ied  ind iv idual exam ples of cloud  cores w hich have n o t fo rm ed  
s ta rs , w ith  the  a im  of try in g  to  investiga te th e  physical processes in th e  in te rs te lla r  m ed iu m  th a t  lead 
up  to  th e  fo rm a tio n  of a s ta r .  B ecause de ta iled  observa tional m ap s were availab le one p a r tic u la r  core, 
L1689B, was in v estig a ted  in d e ta il. U sing th e  tools o f rad ia tiv e  tran sfe r m odelling , I found  th a t  several 
physical ch a rac te ris tic s  o f th e  core could be inferred. O n fu rth e r  s tu d y  these proved to  place s tro n g  
c o n s tra in ts  on th e  possib le fu tu re  evolu tion  of the core. A lthough  th is  w ork co n c en tra ted  on only  one 
core, som e of th e  techn iques developed, an d  m ethods used, m ay well prove app licab le  to  a  w ider sam p le  
o f o b jec ts , allow ing conclusions to  be d raw n  a b o u t the  general s ta r  fo rm a tio n  process.
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6.2 Star F orm ation
I began  by  p resen tin g  a  su m m a ry  of w h a t is know n a b o u t the  s ta r  fo rm a tio n  process in th e  G alaxy . In 
p a r tic u la r  those  areas re levan t to  the  w ork la te r in th e  thesis were d iscussed. I p resen ted , a m o n g st o th e r  
th in g s , th e  m easu red  in itia l m ass function  of s ta rs  in the  solar n e ig h b o u rh o o d , and  the  s tru c tu re  an d  
c o n s titu e n ts  o f th e  in te r  s te lla r  m ed ium . I o u tlin ed  the  evidence th a t  s ta r  fo rm a tio n  is observed  to  occur 
in m o lecu lar clouds, an d  in p a r tic u la r  in th e  m ost opaque, and  dense regions o f these clouds, referred  to  
as cloud cores. I also discussed the  s ta r  fo rm a tio n  efficiency observed in d ifferent en v iro n m en ts  w ith in  
th e  G alaxy , an d  th e  possib le evidence for two different m odes of s ta r  fo rm a tio n , one w hich p roduces high 
m ass s ta rs , th e  o th e r  only  low m ass s ta rs .
I d iscussed  th e  evo lu tion  lead ing  to  the  fo rm a tio n  of low m ass s ta rs  in cloud cores, w ith  reference to  
b o th  th e o re tic a l w ork and  observa tions. I argued  th a t  an  u n d e rs ta n d in g  of th is  p a r t  o f th e  s ta r  fo rm a tio n  
process is o f p a r tic u la r  relevance to  la te r p ro to ste lla r evolution.
C h a p te r  2 w as a  su m m a ry  of the  basic physics which would be used in th e  thesis. I p resen ted  the 
ra d ia tiv e  tran sfe r  w hich w ould be used la te r to  help in te rp re t a s tro n o m ica l obse rva tions. I also discussed 
som e of th e  key physical processes believed to  be relevant to  the fo rm a tio n  o f s ta rs  w ith in  th e  in te r 
s te lla r  m ed iu m , in p a r tic u la r  th e  physics of th e rm al and  m agnetic  su p p o rt. A m b ip o la r diffusion was 
p resen ted  as a  possib le way to  overcom e m ag n etic  su p p o rt, and  b o th  th e  am b ip o la r  diffusion velocity  and  
th e  a m b ip o la r  diffusion tim esca le  were derived.
6.3 C loud Cores
T h e  a im  o f c h a p te r  3 was to  p roduce a ca ta logue of cloud cores s itu a te d  in m ed iu m  opacity , iso la ted  
m o lecu lar clouds, an d  th en  investiga te  w hat role, if any, these cores p lay  in th e  overall process o f low 
m ass s ta r  fo rm a tio n  w ith in  th e  G alaxy. I developed a technique for iden tify ing  an d  p ro d u cin g  o p tica l 
d ep th s  m a p s  of iso la ted  clouds using the  ISSA d a ta se t (the  IRA S Sky Survey A tlas) an d  the  u n ce rta in tie s  
an d  erro rs associa ted  w ith  th e  technique were ou tlined .
A n u m b e r o f iso la ted  m ed iu m  opacity  clouds were then  selected and  p resen ted  along  w ith  e s tim a te s  
o f th e ir  d is tan ces  (m ain ly  using  associa tions w ith  know n clouds or com plexes). F rom  these clouds a set 
o f cores were ca ta lo g u ed  and  th e  size, co lum n density  and  m ass of each core was derived . T h e  errors 
assoc ia ted  w ith  these derived p ropertie s were discussed, and  th e  p rincip le am o n g st th e m  was found  to  be
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due to uncertain ties in the the dust to gas ra tio  and the distances to the cores.
A n ana ly sis  o f th e  cores show ed th a t  the m a jo rity  are Jean s u n s tab le , w hich im plies th a t  th ey  are 
likely to  co n tra c t o r collapse. Evidence of s ta r  fo rm a tio n  in a  sm all n u m b e r o f th e  cores was found: 
several o f the  cores have IR A S p o in t sources associa ted  w ith  th e m  w hich are co n sis ten t w ith  em bedded  
p re-m ain -sequence s ta rs . T hese  were found n o t to  be chance associa tions, an d  I therefore concluded  th a t  
th e  cores in  iso la ted  low o p ac ity  clouds are form ing  s ta rs  and  do co n trib u te  to  the  G a la c tic  s ta r  fo rm a tio n  
process.
6.4  A m b ip o lar  D iffusion
A co m p ariso n  of th e  s ta r  fo rm a tio n  in iso lated  m ed ium  opac ity  clouds, w ith  s im ila r s tu d ies  o f Bok G lobules 
an d  h igh  o p ac ity  m o lecu lar cloud  cores was also presented  in ch ap te r 3. T h ree  key p ro p ertie s  w ere derived 
for each s tu d y : th e  ty p ica l o p tic a l d ep th  of the  cores; the  typ ical vo lum e d ensities of th e  cores; an d  a 
s ta tis t ic a l e s tim a te  of th e  tim esca le  taken  for s ta rs  to  form  in the cores (th e  p res te lla r  tim esca le ). A clear 
tre n d  w as found  for th e  p re s te lla r  tim escale to  decrease as b o th  th e  typ ica l o p ac ity  an d  vo lum e d en sity  of 
th e  cores increases, an d  a s im ple  r  oc n -0  85 tren d  was discovered (w here r  is th e  p res te lla r  tim esca le  and  
n is th e  vo lum e density  in th e  cores). No o th e r obvious difference in p res te lla r tim escale  was seen - a  fac t 
th a t  is su rp ris in g  given th e  very different env ironm ents of Bok globules, an d  cloud  cores s itu a te d  in  la rger 
s ta r  fo rm ing  m o lecu lar clouds. T h e  r  oc n~° 85 trend  is inconsisten t w ith  a  s im ple  m odel o f m o lecu lar 
clouds w here th e rm a l su p p o r t is d o m in a n t. In th is  m odel the  cores w ould co llapse to  s ta rs  on  a tim escale  
co m p arab le  to  th e  free fall tim escale . T h is  tim escale no t only varies as n - 0 '5, b u t is also to o  sm all by 
an o rder o f m a g n itu d e  to  ex p la in  the  observations. T h e  am b ip o la r diffusion tim escale  is expected  to  be 
la rger th a n  th e  free fall tim esca le  and  in ch ap te r 2 I had  a lready  show n th a t  th e  am b ip o la r  diffusion ra te  
w as p ro p o rtio n a l to  th e  io n iza tio n  level in a cloud. T h is  ion iza tion  could  be caused  by cosm ic rays alone 
(in w hich case one expects Xe oc n - 0 '5 eg M ouschovias 1991), or cosm ic ray and  UV io n iza tio n  (in w hich 
case Xe oc n ~ ° '75 eg M cKee 1989). T h is la tte r  m odel proved consisten t w ith  th e  d a ta  w ith in  th e  errors. 
I therefo re  concluded  th a t  r  oc n -0 8 5  is consisten t w ith  am b ip o la r diffusion m odels if  th e  io n iza tio n  in 
cloud cores is due to  b o th  cosm ic rays an d  the  in te rs te lla r  U .V . field.
T h e  a ssu m p tio n s  used to  d raw  these conclusions were d iscussed, an d  it was em phasised  th a t  a  very 
s im ple  s ta r  fo rm a tio n  m odel was assum ed. In p a rticu la r  th e  conclusions are  d ep e n d en t on the  assu m p tio n  
th a t  th e  lu m in o sity  fu nction  or in itia l m ass function  of the p ro to s te lla r  sources found  in cloud cores does 
n o t vary  s ign ifican tly  from  s tu d y  to  study . A no ther assu m p tio n  is th a t  all th e  cores w ith o u t s ta rs  in
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each sam p le  will go on  to  fo rm  s ta rs  (ie are p reste lla r), an d  n o t be d is tu rb e d  by ex te rn a l fac to rs , like 
supernovae  or shocking.
6.5 S p ectroscop ic  O bservations
In  c h a p te r  4, I p resen ted  an observa tiona l s tu d y  of cloud cores w ith o u t s ta rs , w hich h ad  p rev iously  been 
s tu d ied  an d  d e tec ted  in th e  su b m illim etre  con tinuum . I observed the  cores in  a  n u m b er of m illim e tre  an d  
su b m illim e tre  sp e c tra l lines (m ain ly  co n cen tra tin g  on C 180 )  and  the  resu lts  were p resen ted . I discussed 
th e  m e th o d s  used to  reduce th e  observations, and  the errors associa ted  w ith  th e  p o in ted  ob se rv a tio n s and  
m aps. I in v es tig a ted  in d e ta il w h a t fea tu res in th e  m aps should  be in te rp re ted  as real, an d  p resen ted  a 
m e th o d  for se ttin g  co n to u r levels w hich ensures th a t  ran d o m  fea tu res p ro d u ced  by noise are n o t d isp layed . 
I also  found  (u n su rp ris ing ly ) th a t  the re  is a trad e  off betw een velocity  reso lu tio n  an d  signal to  noise in 
the  m aps.
S everal o f th e  cores were d e tec ted  in  C 180 ( J = 3 —>-2) and  m a p p ed  in  C 180 ( J = 2 —>1). O nly  one core, 
L1689B , was found  to  be p a rticu la rly  b rig h t in the  C 180  tra n s itio n s  (p e rh ap s because it is s itu a te d  in 
the  re la tiv e ly  w arm  O phiuchus cloud) an d  was m ap p ed  w ith  enough  signal to  noise to  allow  a d e ta iled  
study . L1689B show s evidence o f velocity s tru c tu re  b u t, p e rh ap s su rp rising ly , th e re  is no in d ic a tio n  of 
ro ta t io n  - if  a n y th in g  th e  velocity  s tru c tu re  is ind icative of slow co n trac tio n .
6.6 M od ellin g  L 1689B
In c h a p te r  5, I p resen ted  a m odel of L1689B and investiga ted  w h a t c o n s tra in ts  the  m o lecu lar observa­
tions an d  p rev iously  pub lished  co n tin u u m  d a ta  (A ndre et al 1996) p u t on th e  s tru c tu re  of L1689B. T h e  
m illim e tre  c o n tin u u m  ap p e a ran c e  of the m odel was derived, and  by com p ariso n  w ith  the  ac tu a l 1 .3m m  
ap p e a ran c e  o f L1689B I found  th a t  one could rule out  th e  sim ple s in g u la r iso th erm al sphere  m odel o f 
L1689B. T h e  c o n tin u u m  observa tions seem  to  p red ic t th a t  L1689B has to o  fla t a  d ens ity  profile in its 
inner reg ions to  be consis ten t w ith  the  sim ple singu lar iso th erm al sphere. T h e  C 180  a p p e a ran c e  o f the 
m odel w as also in v estig a ted  w ith  the  help of a rad ia tiv e  tran sfe r code. C o m p ariso n  o f th e  m o d e l’s p re­
d ic tio n s w ith  th e  C 180  observa tions also confirm ed th a t  a sim ple s in g u la r iso th erm al sphere  m odel for 
L1689B is in a p p ro p ria te . In o rder to  p red ic t the m olecu lar ap p earan ce  of L1689B, th e  m odel h ad  to  
have a f la tten e d  inner d ensity  profile , and  e ith er a te m p e ra tu re  fall, a  C 180  ab u n d a n ce  fall to w ard s the  
cen tre , o r possib ly  som e co m b in a tio n  of th e  two.
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I found  th a t  in  o rd er to  exp la in  b o th  the  con tin u u m  an d  m o lecu lar ap p e a ran c e  o f L1689B s im u lta ­
neously  a te m p e ra tu re  d rop  alone was inadequa te ; it was necessary to  invoke a d ro p  in  C 180  tow ards 
the  cen tre  of L1689B. H owever, because of u n ce rta in ties  in the  d e ta ils  o f g a s /d u s t  in te rac tio n s  an d  the  
effect th a t  freezing o u t o f C O  w ould have on the opac ity  of the  d u s t, i t  was n o t possib le to  find a  un ique 
so lu tio n  describ ing  L1689B. A nu m b er of m odels were found  to  be consis ten t w ith  the  d a ta .
T w o scenarios were the re fo re  presen ted . O ne was a m odel in w hich th e  te m p e ra tu re  in th e  cen tre  
o f th e  cores falls, an d  som e C 180  freezes o u t o f th e  gas phase on to  th e  d u s t g ra ins. T h e  o th e r  m odel 
p resen ted  is iso th erm al b u t has  an even steeper d rop  in  C 180  ab u n d an ce . B o th  m odels w ere found  to  
p red ic t th e  C 180  ap p e a ran c e  of L1689B. However it is difficult to  decide w hich is m ore  co n s is ten t w ith  
the  co n tin u u m  d a ta .
B o th  these  m odels were found  to  have a Jean s m ass below the  ac tu a l m ass observed  for L1689B and  
i t ’s su rro u n d in g s. I found  th a t  for the  m odel w ith  a falling  te m p e ra tu re  in L1689B the  cen tre  is u n s ta b le  
because of a  lack of p ressu re g rad ien ts  to  su p p o rt it ag a in st its  own self grav ity . B ecause of a  sh o rt 
free fall tim escale , i t  is un likely  th a t  th is core w ould be observed unless it was su p p o rte d  by m ag n e tic  
fields. T h e  envelope o f L1689B, an d  the cen tra l region (if L1689B is iso th e rm a l), were found  to  becom e 
suscep tib le  to  co llapse if th e  envelope is less th a n  a b o u t 13K.
T herefo re  I p red ic t two possib le m echanism s by which L1689B can  be fo rm ing  a s ta r .  O ne is th e  
loss o f th e rm a l su p p o r t in  th e  cen tre, due to  a  fall in cen tra l te m p e ra tu re . T h e  o th e r  is an overall loss 
o f th e rm a l su p p o r t due to  th e  w hole core cooling below 13 K. U n fo rtu n a te ly  th e  o bserva tions p resen ted  
were n o t cap ab le  of p rov ing  beyond  d o u b t w hether e ith er s itu a tio n  is occurring .
6.7  Fixture W ork
T h re e  of th e  basic a ssu m p tio n s  com m only  m ade in m odels of o f s ta r  fo rm a tio n  are w o rth  in v e stig a tin g  
in th e  ligh t o f th is  thesis. Specifically they  are the  assu m p tio n s th a t  cloud cores fo rm ing  s ta rs  are 1) 
iso th erm al, 2) ionized p red o m in an tly  by cosm ic rays, and  3) o f hom ogeneous d ensity  s tru c tu re  (ie n o t 
c lu m p ed  on sm all scales). A ssu m p tio n  3 is p a rticu la rly  im p o r ta n t because it is im p lic it in m an y  of the  
conclusions reached  in th e  second ha lf of th is  work.
T h ese  a ssu m p tio n s  can  be te sted  in two ways. F irs tly  th ro u g h  new ob se rv a tio n a l s tu d ies  of cloud 
cores, designed  specifically  to  check the  assum ptions, and  secondly by im prov ing  the  m ethodo log ies used 
to  ana ly se  th e  observa tions.
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A m olecu lar s tu d y  of a  se lected  sam ple  of cloud cores, in p a r tic u la r  C 180 ,  an  o p tica lly  th in  tra c e r  o f 
co lum n  density , observed  in various m illim etre  and  su b m illim etre  tra n s itio n s , w ith  te lescopes like IR A M  
an d  the  JC M T , cou ld  be com bined  w ith  m illim etre  observa tion  of CS, a  know n vo lum e d en sity  tracer. 
T h e  degeneracy  w hich ex ists betw een m olecu lar freezing o u t an d  falling  te m p e ra tu re  could  th e n  be lifted  
by com p ariso n  w ith  d u s t m a p s  of the  cores using the  Sub M illim etre  B o lom eter A rray  (SC U B A ) on the  
JC M T , an d  d e ta iled  m ode lling  of th e  re la tionsh ip  betw een CO  ab u n d an ces on d u s t m an tle s  an d  th e  d u st 
opacity .
T h e  code used in  th is  w ork assum ed  hom ogeneous density  d is tr ib u tio n s . Im p ro v in g  th e  code, allow ing 
m ode lling  of cores w ith  c lu m p in g , would help to  check th e  effects o f th is  a ssu m p tio n  an d  is p e rh ap s 
ach ievable by in tro d u c in g  m ore th a n  one p o p u la tio n  of gas w ith in  each vo lum e elem en t in th e  m odel or 
( th o u g h  num erica lly  m ore d em an d in g ) by using M onte C arlo  m eth o d s.
T h e  p res te lla r  life tim es derived  in ch ap te r 3 were effectively based  on th e  a ssu m p tio n  th a t  all cloud 
cores experience a  sing le b u rs t o f s ta r  fo rm ation , which form s s ta rs  from  the  sam e IM F , an d  th a t  the 
re su lta n t Y SO s evolve in th e  sam e way - ie have sim ila r lifetim es, accretion  ra tes , an d  lum inosities. 
T h e  on ly  way th a t  th is  a ssu m p tio n  can  be tested  is by m ak in g  a d e ta iled  s tu d y  of th e  Y SO  co n ten t of 
m ore  th a n  one se t o f cores. A s tu d y  of two of th e  sets o f cores p resen ted , b o th  in the  in fra red  an d  the 
su b m illim e tre  could  in v es tig a te  the  p o p u la tio n  of YSOs in each sam p le , by allow ing a d eriv a tio n  o f the  
sp e c tra l indices, th e  lu m in o sity  function  of the sets o f Y SO s and  th e ir  sp e c tra l classifications (A ndre  et 
al 1993). Such a s tu d y  shou ld  allow  a  com parison  of the  typ ica l m asses an d  ages of Y SO s in  each se t o f 
cores, an d  will verify or cast d o u b t on the  assum ptions m ade th a t  d ifferent se ts o f cores w ith  d ifferent 
ty p ica l d ensities an d  physical cond itions, lead to  the fo rm a tio n  of s ta rs  from  a com m on  IM F.
T w o specific com parisons betw een the co res’ YSO p o p u la tio n s are possib le. S u b m illim etre  co n tin u u m  
observa tions p referen tia lly  d e tec t young Class-0 ob jects; In frared , th e  la te r  C lass Is an d  IIs. A ny difference 
in th e  fra c tio n  of early  to  la te  ty p e  Y SO s betw een the two sam ples w ould be in d ica tiv e  o f d iffe ren t s ta r  
fo rm a tio n  h isto ries in th e  tw o se ts  of cores.
In  ad d itio n  th e  ty p ica l lum inosities of th e  Y SO s could be com pared . H igher lum in o sities  are expected  
e ith e r because o f h igher m ass Y SO s or h igher accretion  ra tes  (B eichm an et al 1986), hence a m ark ed  
difference in lu m in o sity  betw een  th e  two sets o f ob jects , will be a  clear in d ic a tio n  o f e ith e r  a d ifferent 
IM F  for th e  two sam ples, o r a d ifferent YSO lifetim e. T h is  com parison  is p a r tic u la rly  d ep e n d en t on an 
ac cu ra te  know ledge o f th e  d is tan ce  to  the cores.
A su b sam p le  of th e  two ca ta logues produced  by W ood et al (1992) an d  M yers e t al (1983) w ould
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a lm o st ce rta in ly  be th e  best. N o t only do they  they differ in typ ica l densities by a fac to r  o f 4, an d  differ 
in the  fra c tio n  of cores w ith  young ste lla r o b jects , and  hence the inferred  p re s te lla r  tim esca le  by a  fac to r 
of 2, b u t they  are also associa ted  w ith  large m olecu lar clouds w hich m eans th e  d is tan ces to  th e  cores are 
likely to  be b e t te r  know n th a n  for Bok globules, or m ed ium  opacity , iso la ted  clouds. If  no difference is 
found  in  th e  two p o p u la tio n s  th is  will confirm  the conclusions reached  in ch a p te r  3, if  n o t it will reveal 
a difference in th e  ty p e  of s ta rs  form ed betw een th e  two sets of cloud cores.
In  th e  la s t 100 years we have com e to  u n d e rs ta n d  th e  n a tu re  of s ta rs . How they  fo rm  is how ever a 
m ore  co m p lica ted  an d  d iverse p rob lem  w hich has proved m uch m ore end u rin g . T h is  thesis has ex am in ed  
som e sm a ll aspec ts  o f th is  p rob lem , b u t m uch work rem ains to  be done.
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